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MIL-53(Al)-derived bimetallic
Pd—Co catalysts for the selective
hydrogenation of 1,3-butadiene at
low temperature

Lili Liu*“, Miaoliang Zang, Lei Li, Yunkai Zhang, Leyuan Wang, Xiaojing Zhou, Chunling Xin"*
& Xishi Tai™*

Selective hydrogenation of 1,3-butadiene is a crucial industrial process for the removing of
1,3-butadiene, a byproduct of butene production. Developing catalysts with high catalytic
performance for the hydrogenation of 1,3-butadiene at low temperatures has become a research
hotspot. In this study, bimetallic Pd-Co catalysts supported on Al,O, derived from MIL-53(Al) at various
calcination temperatures were synthesised via the co-impregnation method. These catalysts were
structurally characterised using powder X-ray diffraction, thermogravimetric analysis, N, adsorption—
desorption, X-ray photoelectron spectroscopy, transmission electron microscopy, energy-dispersive
X-ray spectroscopy, and inductively coupled plasma optical emission spectroscopy techniques. The
characterisations revealed that Pd—Co nanoparticles, averaging 8.5-12.4 nm, were highly dispersed on
Al,O, derived from MIL-53(Al). The effects of reaction temperature, Pd and Co contents, space velocity,
and calcination temperature on the catalytic performance for the hydrogenation of 1,3-butadiene
were thoroughly investigated. The PdCo/MIL-53(Al)-A700 catalyst exhibited the highest catalytic
activity for the hydrogenation of 1,3-butadiene at 40 °C and a space velocity of 900 L/(h-g_,,). This
catalyst demonstrated a strong synergistic interaction between Pd and Co nanoparticles, resulting

in considerably better catalytic performance than the monometallic Pd catalyst under the same
conditions. The PdCo/MIL-53(Al)-A700 catalyst achieved superior 1,3-butadiene conversion and total
butene selectivity compared to the Pd/MIL-53(Al)-A700 catalyst. In addition, the PdCo/MIL-53(Al)-A700
catalyst maintained its catalytic activity and total butene selectivity after three regenerations in a flow
of N, at 200 °C. This work proposed a new pathway to design efficient and sustainable catalysts for
1,3-butadiene hydrogenation.
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Butenes are a valuable component in the chemical industry used in coatings, rubber, plastics, and other high-
value chemicals!. The primary method for producing butenes is the catalytic cracking of crude oil>>. However,
this process generates 1,3-butadiene as a byproduct, which must be reduced to below 10 ppm before downstream
reaction processing®—>. Because 1,3-butadiene not only made subsequent product separation difficult, but also
poisoned the catalysts®=>. Selective hydrogenation of 1,3-butadiene to produce butenes is a promising method
for removing residual 1,3-butadiene from butene-rich streams®’. Transition metal palladium (Pd) exhibits high
reactivity in the hydrogenation of 1,3-butadiene owing to the low barrier of H, dissociation energy (~0 eV),
making it a widely used catalyst for this reaction’®. However, monometallic Pd catalysts often have low
selectivity for butenes (1-butene, trans-2-butene, and cis-2-butene) at high conversion of 1,3-butadiene, resulting
in overhydrogenation and the formation of undesired byproducts such as butane!®-!2. Therefore, developing
novel catalysts to enhance selectivity is essential for the hydrogenation of 1,3-butadiene. Strategies to improve
the selectivity of the catalyst, include using tuned supports!>!4, constructing nanostructures'>!%, modifying
with ionic liquid layers!”!®, second employing bimetallic!®-! or single-atom catalsyts?>?*. Bimetallic catalysts
are widely recognised for their enhanced catalytic activity and selectivity. Various Pd-based bimetallic catalysts
have been designed and used, including Pd-Ag*?*, Pd-Au?""%, Pd-Ni**?’, Pd-Cu?®%, Pd-Zn'4, and Pd-Sn** for
the hydrogenation of 1,3-butadiene. These bimetallic catalysts demonstrate superior performance compared to
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monometallic Pd catalysts?8-*. For instance, Corestius et al.?® reported that Pd-Cu bimetallic catalysts achieved
high butene selectivities (over 75%) at a 1,3-butadiene conversion of 90%. Specifically, the Pd,,Cu, /C catalyst
with 0.5 wt% Pd loading exhibited a butene selectivity of 78%, outperforming the 62% selectivity of the 0.5 wt%
monometallic Pd/C catalyst?>. Ma et al.>* discovered that adding Ag to Pd surfaces can weaken the adsorption
of 1-butene and 1,3-butadiene, thereby enhancing the catalytic activity and selectivity for the hydrogenation of
1,3-butadiene to 1-butene. Additionally, Au(2)Pd(1)/MIL-101(Cr) bimetallic catalysts exhibited a considerably
higher butene selectivity (95.7%) at nearly 100% conversion of 1,3-butadiene, compared to the monometallic Pd/
MIL-101(Cr) catalysts, which achieved only 63.3% selectivity'.

Cobalt is a good adatom candidate because it is low-cost and has a good effect on Pd metal®?. In recent
years, bimetallic Pd-Co catalysts have been widely studied and exhibited good performances in catalytic
hydrogenation®. Li et al.>* reported that PACo/CNC-2.5 catalyst exhibited excellent catalytic activity with TOF
value of 2570 h! and 94.1% selectivity of 3-ethylnitrobenzene in methanol under 3 bar H, at 50 °C for the
selective hydrogenation of 3-nitrostyrene. The improved hydrogenation performance for PACo/CNC-2.5 can be
ascribed to the synergistic effect of PdCo?®. Moreover, compared with Pd/CNC catalyst, PdCo/CNC-2.5 catalyst
exhibited a relative low reaction barrier for selective hydrogenation of 3-nitrostyrene®. Luo et al.>* demonstrated
that Pd/Co catalyst exhibited excellent good catalytic performance for the hydrogenation of nitrobenzene. The
yield of aniline was 99%, and the catalytic activity was 158 times than that of commercial Pd powder®*.

In practice, the metal nanoparticles are easily attracted each other and aggregate into larger naoparticles due
to the magnetic force and van der Waals forces, which could greatly reduce the reactivity and affect the stability of
metal nanoparticles®. Dispersing metal nanoparticles on the support can control the migration and aggregation
of the metal nanoparticles, thereby further increase their catalytic activity and stability®®. Several supporters have
been used to stabilized metal nanoparticles, including metal-organic framework (MOF)*’, ploymer3!, metal
oxide®, carbon microsphere, carbon cloth*!, and graphene*’. Among them, MOFs have attracted growing
attention as heterogeneous catalysts owing to their unique structural characteristics including high porosity,
large specific surface areas, well-defined metal nodes, tunable topologies and controlled pore sizes*>~>°. However,
the poor stability of the MOFs has considerably limited their application in many catalytic processes. MOF-
derived materials produced through simple pyrolysis method using MOFs as templates or precursors not only
address the stability issues but also retain the structural advantages of MOFs, thereby greatly expanding their
applications in catalytic reactions®'. For instance, Li et al.>? reported that Ni nanoparticles supported on MIL-
125(Ti)-derived TiO, displayed excellent catalytic performance for CO, methanation, achieving a maximum
CH, production rate of 463.9 mmol/(g,-h) with nearly 100% selectivity under IR irradiation (1530 mW/
cm?) and maintaining durability for at least 48 h*. Additionally, Jia et al.>> developed a hierarchically porous
iridium catalyst supported by ZrO, derived from MOFs (Ir-N@HP-mesoZrO,) and successfully applied it to
the construction of julolidines via the reductive annulation of quinolines and conjugated enones®. The Ir-N@
HP-mesoZrO,-350 catalyst demonstrated reusability for at least six cycles at half conversion, with only a
slight decrease in activity observed after the fifth cycle®. Mei et al.>* also reported that the CeO,-C catalyst,
prepared by pyrolysing a Ce-MOF template with the assistance of cetyltrimethylammonium bromide, displayed
excellent low-temperature catalytic activity for the oxidation of o-xylene. Additionally, the CeO,-C catalyst
demonstrated good thermal stability in long-term tests (30 h) and water resistance®®. In this work, a series
of bimetallic Pd-Co catalysts supported on MIL-53(Al)-derived Al,O,, synthesised via the co-impregnation
method at different calcination temperatures, were investigated for the selective hydrogenation of 1,3-butadiene.
The effects of reaction temperature, Pd and Co contents, space velocity and calcination temperature on the
catalytic performance for 1,3-butadiene hydrogenation were systematically studied. In addition, the stability and
regeneration capability of the catalyst were also studied in detail. Benefiting from bimetallic synergistic effects,
bimetallic catalyst PdCo/MIL-53(Al)-A700 exhibited excellent 1,3-butadiene hydrogenation performance
than monometallic catalyst Pd/MIL-53(Al)-A700. The degradation for PdCo/MIL-53(Al)-A700 was mainly
ascribed to the carbon deposition on the catalyst. Moreover, the catalyst PdCo/MIL-53(Al)-A700 could be easily
regenerated in a flow of N, at 200 °C.

Experimental section

Preparation of catalysts

Synthesis of Al,O, derived from MIL-53(Al)

MIL-53(Al) was synthesised using a modified solvothermal methods®”. AI(NO,),-9H,0 (21.00 mmol, 7.80 g)
and terephthalic acid (H,BDC, 7.00 mmol, 1.15 g) were dissolved in 10 mL of water under stirring at 500 rpm
for 0.5 h. The resulting mixture transferred to a 100 mL Teflon-lined stainless steel autoclave and subjected to a
solvothermal reaction at 493 K for 72 h. The resulting white powder of MIL-53(Al) was isolated by centrifugation
(4000 rpm, 20 min) and washed three times with 15 mL of absolute ethanol. Additionally, the material was
refluxed in ethanol (100 mL) at 100 °C for 24 h. The obtained products were dried in a vacuum oven at 150 °C for
12 h to yield the MIL-53(Al) precursors. The dried MIL-53(Al) was then calcined in air atmosphere at 500 °C—
800 °C for 3 h, with a heating rate of 2 °C/min using a muffle furnace. The resulting solids were labelled as MIL-
53(Al)-AT, where A is the calcination atmosphere (air) and T is the calcination temperature.

Synthesis of catalysts

The PdCo/MIL-53(Al)-AT catalysts were synthesised using the co-impregnation method. Palladium chloride
(PdCl,, 4.40 mg, 0.025 mmol) and cobalt nitrate hexahydrate (Co(NO,),-6H,0, 12.8 mg, 0.044 mmol) were
dissolved in 1.5 mL of absolute ethanol and sonicated at room temperature for 30 min. This ethanol solution
of PACl, and Co(NO,),-6H,0 was then added dropwise to 50.00 mg of MIL-53(Al)-A700, and the mixture was
continuously sonicated for an additional 30 min at room temperature. After ageing overnight, the resulting
solids were dried at 100 °C for 1 h under vacuum (0.1 MPa). Finally, the dried product was reduced at 100 °C
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for 2 h under a hydrogen flow (12.0 mL/min). The resulting solids were designated as PdCo/MIL-53(Al)-A700.
The other catalysts, PdCo/MIL-53(Al)-A500, PdCo/MIL-53(Al)-A600, PdACo/MIL-53(Al)-A800-1, PdCo/MIL-
53(Al)-A800-2, and PdCo/MIL-53(Al)-A800-3 were prepared using the same method. For comparison, the Pd/
MIL-53(Al)-A700 catalyst was synthesised using PdCl, as the precursor, without Co(NO,),-6H,0. The catalysts
were stored at 4°C under atmospheric environment without any passivation treatment after the reduction in the
final stage of catalyst preparation. The metal weight percentages (Pd and Co) were determined using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (Table S1).

Catalytic activity evaluation

The catalytic performance of the prepared catalysts for the selective hydrogenation of 1,3-butadiene was
evaluated. The hydrogenation reactions were performed in a fixed-bed flow reactor under atmospheric pressure.
The temperature of the selective hydrogenation reaction was measured with a Cr-Al thermocouple located in the
center of the catalyst bed. The reaction temperatures ranged from 20 °C to 40 °C with a fluctuation of 1 °C. For
each test, 0.005 g of catalyst in a powder form was well mixed with 0.5 g of quartz sand (40-80 mesh) as a diluent,
and then the mixture was loaded into the central section of the fixed-bed reactor. The temperature of the catalyst
was increased at a rate of 2 °C/min using N, (99.99%, 12 mL/min) until the desired reaction temperature was
achieved. Once the target temperature was reached, 1.0 vol% 1,3-butadiene in N, (20 mL/min) was premixed
with H, (99.99%, 10 mL/min) in a buffer tank and then passed through the catalyst bed. N, was used as balance
gas because it can greatly increase the space velocity of the catalytic reaction. The considerable mass transfer
limitation of hydrogenation reaction was excluded by using high space velocity®. The reactor effluent was
analysed using an online SP-6890 gas chromatograph (GC, Shandong Lunan Ruihong Chemical Engineering
Instrument Co. Ltd., Shandong, China) equipped with an Al,O, capillary column (30 m X 0.53 mm X 10 mm)
and a flame ionisation detector. Samples of the reactor effluent were taken every 15 min and analysed with
the GC. The conversions of 1,3-butadiene and the selectivities for butane, 1-butene, trans-2-butene, and cis-
2-butene were determined based on the GC peak areas corresponding to the reactants and products. Stability
experiments for PdCo/MIL-53(Al)-A700 were performed at 40 °C for 120 h to assess catalyst durability under
reaction conditions. The stability tests were performed under the same experimental conditions as described
above.

Results and discussion

Structural and morphological characterizations

The PXRD patterns of the samples were analysed and are shown in Fig. 1, which includes MIL-53(Al), MIL-
53(Al)-AT, PdCo/MIL-53(Al)-AT, and Pd/MIL-53(Al)-A700 (T =500 °C-800 °C). The PXRD pattern of MIL-
53(Al) closely matches those reported in previous studies, confirming that the as-synthesised sample retains the
MIL-53(Al) structure (Fig. 1a)>>’. The pattern features sharp and well-defind diffraction peaks, indicating high
crystallinity of MIL-53(Al). The diffraction peaks at 20 =38.48°, 9.23°, 12.21° and 24.74° for MIL-53(Al)-A500
are similar to those observed for MIL-53(Al) (Fig. 1b). The intensity of the typical peaks at 9.38° and 12.21°
for MIL-53(Al)-A500 considerably increased after thermal pyrolysis at 500 °C for 3 h in an air atmosphere
(Fig. 1b). However, the diffraction peaks of MIL-53(Al) at 26 =9.98°, 14.15°, 14.89°, 16.83°, 18.19°,20.27°, 21.77°
and 23.99° disappeared after pyrolysis at 500 °C, indicating a decrease in the crystallinity of MIL-53(Al)-A500.
The PXRD patterns of MIL-53(Al)-A600, MIL-53(Al)-A700 and MIL-53(Al)-A800 show substantial differences
compared to that of MIL-53(Al) (Fig. 1c-e). New diffraction peaks at 20 =26.8°, 40.1°, 45.7° and 67.20° appear
in these samples. The peak at 26 =26.8° corresponds to 6-Al,0,, while the peaks at 26 =40.1°, 45.7° and 67.20°
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Fig. 1. The PXRD patterns of the samples: (a) MIL-53(Al); (b) MIL-53(Al)-A500; (c) MIL-53(Al)-A600; (d)
MIL-53(Al)-A700; (e) MIL-53(Al)-A800; (f) PACo/MIL-53(Al)-A500; (g) PACo/MIL-53(Al)-A600; (h) PdCo/
MIL-53(Al)-A700; (i) PACo/MIL-53(Al)-A800-3; (j) Pd/MIL-53(Al)-A700.
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are characteristic of y-ALO,**°!. Based on the PXRD diffraction patterns, a mixture of 8-AL,O, and y-ALO,
was obtained by thermally pyrolysing MIL-53(Al) at 600 °C-800 °C for 3 h in an air atmosphere. The results
indicated that MIL-53(Al) retained its original structure after pyrolysis at 500°C for 3 h but fully decomposed
into AlL,O, after pyrolysis at 600 °C-800°C for 3 h. TGA of MIL-53(Al) showed that the material remained
stable up to 550 °C (Fig. S1). This result is consistent with the PXRD data. After loading the bimetallic Pd-
Co nanoparticles, the PdCo/MIL-53(Al)-AT catalysts (T =500 °C-800 °C) exhibited four additional peaks at
20=39.88°, 46.51°, 68.12° and 82.07°, which correspond to the (111), (200), (220) and (311) planes of the face-
centred cubic (fcc) structure of PdCo alloy, respectively (Fig. 1{-i)°2-. In contrast, the PXRD diffraction peaks
for Pd/MIL-53(Al)-A700 at 20 =39.99°, 45.89°, 66.93° and 82.02° (JCPDS 00-005-0681) were attributed to the
(111), (200), (220) and (311) planes of metallic Pd (Pd?), respectively®>°°.

The N, adsorption-desorption isotherms for MIL-53(Al), MIL-53(Al)-AT and PdCo/MIL-53(Al)-AT
(T=500 °C, 600 °C, 700 °C, and 800 °C) are shown in Figs. S2 and 2. The isotherms of MIL-53(Al) showed
a typical IV isotherm, revealing that MIL-53(Al) possessed mesoporosity (Fig. S2)”. The BET surface area of
MIL-53(Al) was 902 m?/g. Huang et al.%” reported that the BET surface area of MIL-53(Al) synthesised by
hydrothermal method at 220 °C for 3d using H,O as solvent was 915 m?/g. The BET surface area of MIL-53(Al)
synthesised by solvothermal method at 150 °C for 3d in DMF was 564 m*/g®®. The BET value of this work was
consistent with that synthesised by hydrothermal method in H,O, but it was higher than that synthesised by
solvothermal method in DMF®7-%8, MIL-53(Al)-AT and PdCo/MIL 53(Al)-AT (T =500 °C, 600 °C, 700 °C, and
800 °C) samples exhibited a typical type IV isotherm with an H4-shaped hysteresis loop at a relative pressure
between 0.45 and 1.0, indicating the presence of uniform slit-shaped pores (Fig. 2)%7. The substantial decrease
in N, adsorption for PdCo/MIL-53(Al)-A500, PdCo/MIL-53(Al)-A600, PdCo/MIL-53(Al)-A700, and PdCo/
MIL-53(Al)-A800-3 after the addition of Pd-Co alloy nanoparticles suggests that the pores of MIL-53(Al)-A500,
MIL-53(Al)-A600, MIL-53(Al)-A700, and MIL-53(Al)-A800 were occupied or blocked by these nanoparticles
(Fig. 2)*%7%. The specific surface area was assessed using the BET method, while the total pore volume and
average pore size were determined from the adsorption branch using the BJH method. Table S2 summaries
the BET surface area, total pore volume, and the average pore diameter for all samples. The BET surface areas
were measured as 438.6 m*/g for MIL-53-A500, 133.0 m%/g for MIL-53-A600, 121.6 m*/g for MIL-53-A700
and 93.7 m%/g for MIL-53(Al)-A800. The total pore volumes were 0.19 cm?/g for MIL-53-A500, 0.47 cm®/g for
MIL-53-A600, 0.42 cm®/g for MIL-53-A700 and 0.42 cm®/g for MIL-53(Al)-A800. The average pore diameters
were 8.5 nm for MIL-53-A500, 16.0 nm for MIL-53-A600, 15.0 nm for MIL-53-A700 and 17.5 nm for MIL-
53(Al)-A800. These results indicate that the calcination temperature considerably affects the BET surface
area, total pore volume and average pore diameter. MIL-53(Al)-A800 exhibited the smallest BET surface area
at 93.7 m%/g. The BET surface areas were 79.0 m?/g for PdCo/MIL-53(Al)-A500, 123.0 m?/g for PdCo/MIL-
53(Al)-A600, 103.1 m?/g for PACo/MIL-53(Al)-A700 and 82.8 m?/g for PdCo/MIL-53(Al)-A800-3. The BET
surface area decreased upon loading Pd-Co alloy nanoparticles. The total pore volumes were 0.12 m?/g for PdCo/
MIL-53(Al)-A500, 0.49 m?/g for PACo/MIL-53(Al)-A600, 0.37 m2/g for PACo/MIL-53(Al)-A700 and 0.42 m¥/g
for PACo/MIL-53(Al)-A800-3. The average pore diameters were 17.0 nm for PdCo/MIL-53(Al)-A500, 15.0 nm
for PACo/MIL-53(Al)-A600, 15.1 nm for PACo/MIL-53(Al)-A700 and 21.1 nm for PdCo/MIL-53(Al)-A800-3.

XPS was used to analyse the chemical states of Pd and Co species. Figure 3 and Fig. S3 show the XPS spectra
for PACo/MIL-53(Al)-A700 and Pd/MIL-53(Al)-A700. In the Pd 3d XPS spectra for PdCo/MIL-53(Al)-A700,
peaks appeared at 340.7 and 335.3 eV, corresponding to the Pd® 3d, , and Pd° 3d,, respectively (Fig. 32)?63172,
The binding energy peaks at 346.3 eV and 337.1 eV were attributed to Pd* 3d 32 ~and Pd>* 3d ” respectlvely
(Fig. 3a)”>74. The XPS spectra for Pd 3d indicated that Pd species in the PdCo/MIL-53(Al)- A700 catalyst were
present as both Pd? and Pd**. The molar ratio of Pd%:Pd*" was estimated to be 2.7:1 based on the peak area. Pd/
MIL-53(Al)-A700 exhibited only two peaks at 340.4 and 335.0 eV corresponding to Pd° 3d,,, and Pd° 3d,
respectively (Fig. $3)?63172, The Pd species in the Pd/MIL-53(Al)-A700 catalyst were prlmarlly in form of P,
PdCo/MIL-53(Al)-A700 showed a 0.3 eV positive shift for the Pd® species compared to Pd/MIL-53(Al)-A700.
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Fig. 2. N, adsorption—desorption isotherms of the samples.
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Fig. 3. XPS spectra of Pd 3d (a) and Co 2p (b) in the PdCo/MIL-53(Al)-A700 catalyst.

The presence of Co changed the electronic structure of the Pd° particles, resulting in an increased binding energy
of Pd®. Additionally, the Co 2p spectra of PdCo/MIL-53(Al)-A700 revealed four main peaks at 797.9, 782.1,
796.7 and 780.9 eV, corresponding to the binding energies of Co** 2p, ,, Co** 2p, ,, Co®* 2p, , and Co’* 2p, ,,
respectively (Fig. 3b)”>77. Two additional peaks at 803.0 and 786.6 eV in the deconvoluted Co 2p XPS spectra
were assigned to the satellite features of Co 2p, , and Co 2p,,, (Fig. 3b)’®. Analysis of the Co 2p XPS for PdCo/
MIL-53(Al)-A700 confirmed the presence of both Co?" and Co®* species. The proportion of surface cobalt
species was estimated by evaluating the peak area ratio, revealing a molar ratio of Co**:Co** of 2.2:1.

The representative TEM images and size distributions of Pd-Co nanoparticles for PdCo/MIL-53(Al)-A500,
PdCo/MIL-53(Al)-A600, PACo/MIL-53(Al)-A700 and PdCo/MIL-53(Al)-A800-3 are shown in Fig. 4. The Pd-
Co nanoparticles across all catalysts displayed a nearly spherical in morphology and were uniformly distributed
on the support surface. The average sizes of the Pd-Co nanoparticles were 9.4, 10.9, 8.5 and 12.4 nm for
PdCo/MIL-53(Al)-A500, PdCo/MIL-53(Al)-A600, PACo/MIL-53(Al)-A700 and PdCo/MIL-53(Al)-A800-3,
respectively. The average sizes of the Pd-Co nanoparticles varied as follows: PdCo/MIL-53(Al)-A700 < PdCo/
MIL-53(Al)-A500 < PdCo/MIL-53(Al)-A600 < PdCo/MIL-53(Al)-A800-3. For the Pd/MIL-53(Al)-A700
catalyst, the Pd nanoparticles ranged in size from 2 to 14 nm, with an average diameter of 7.0 nm (Fig. S4).
The element distribution in PdCo/MIL-53(Al)-A700 was further analysed using HAADF-STEM and EDS,
which showed that Pd and Co were well mixed and uniformly distributed on the support (Fig. 5). This analysis
confirmed the formation of Pd-Co alloys in the PdCo/MIL-53(Al)-A700 catalyst.

Catalytic performance for 1,3-butadiene hydrogenation

The catalytic performance for the selective hydrogenation of 1,3-butadiene on various bimetallic Pd-Co catalysts
was evaluated in a fixed-bed flow reactor under atmospheric pressure, with reaction temperature ranging from
20 to 40 °C. Initially, the catalytic performance of PdCo/MIL-53(Al)-A800-3 was studied to gain insights into
the effects of reaction temperature, Pd and Co contents and space velocity. Figure 6a-d illustrate the evolution
of 1,3-butadiene conversion and product selectivity for the hydrogenation on PdCo/MIL-53(Al)-A800-3 at
temperatures of 20 °C, 30 °C and 40 °C over time. The catalytic activity of the blank (without catalyst) was
negligible with a 1,3-butadiene conversion of less than < 1% at temperatures ranging from 20 to 40 °C. The
reaction temperature considerably affected the conversion of 1,3-butadiene and product selectivity over the
PdCo/MIL-53(Al)-A800-3 catalyst during the hydrogenation reaction. As illustrated in Fig. 6a, increasing the
reaction temperature led to a rise in 1,3-butadiene conversion. At 20 °C, the initial conversion was 82.9%, which
then decreased to 18.6% after 2.5 h of operation, with the conversion remaining stable from 2.5 to 6 h. At 30 °C,
the conversion started at 99.9% and gradually declined to 77.8% over a period of 6 h. At a reaction temperature
of 40 °C, the initial 1,3-butadiene conversion was 99.7%, and this high conversion remained stable for up to
2.5 h. Afterwards, the conversion gradually decreased from 99.5 to 78.2% over the next 2 h. The primary product
of the 1,3-butadiene hydrogenation was butenes (including 1-butene, trans-2-butene, and cis-2-butene), while
butane, a byproduct formed from the further hydrogenation of butenes, was also produced. The selectivity for
total butenes increased with time on stream for the PdCo/MIL-53(Al)-A800-3 catalyst at 20 °C. The selectivity
for total butenes reached 78.3% in 3 h, and then stabilised from 3.0 to 6 h as the reaction progressed. At 20 °C, the
distribution of different butenes was as follows: 1-butene (25.0-42.6%) > trans-2-butene (13.8-31.3%) > cis-2-
butene (5.4-8.6%) at all reaction time. The selectivity for butane decreased from 55.8 to 21.6% over the first 3.5 h
at 20 °C, remaining relatively constant from 3.5 to 6 h. When the reaction temperature was rised to 30 °C, the
selectivity for total butenes increased from 21.3 to 75.6% with extended time on stream. However, the selectivity
for butane decreased from 78.7 to 24.4% as the reaction time increased. The selectivity for different butene
isomers was ranked as follows: trans-2-butene (14.1-38.9%) > 1-butene (2.0-22.4%) > cis-2-butene (5.2-14.4%).
At 40 °C, the selectivity for total butenes initially decreased slightly from 42.5 to 41.3% during the first 0.25 h of
the reaction, then increased from 41.3 to 55.6% as the reaction time increased from 0.25 to 4 h. This selectivity
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Fig. 4. TEM images and PdCo nanoparticle size distributions of PdCo/MIL-53(Al)-A500 (a,b), PdCo/MIL-
53(A1)-A600 (c,d), PACo/MIL-53(Al)-A700 (e,f) and PdCo/MIL-53(Al)-A800-3 (gh).

remained relatively stable from 4 to 6 h. In contrast, the selectivity for butane followed the opposite trend, varying
between 44.4 and 58.7%. The selectivity for 1-butene first decreased during the first 0.25 h of the reaction, then
increased slightly as the reaction progressed from 0.25 to 3.5 h, with values ranging from 4.6 to 21.6%. It remained
relatively constant from 3.5 to 6 h. The selectivity for trans-2-butene and cis-2-butene varied from 22.6% to
27.5% and from 6.8 to 10.5%, respectively, during the reaction period. Figure 6e illustrates the product selectivity
for PdCo/MIL-53(Al)-A800-3 at 90% conversion of 1,3-butadiene across temperatures of 20 °C, 30 °C and 40 °C.
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Al

Fig. 5. TEM image (a), HAADF-STEM image (b), and EDS elemental mapping images (c—f) of PdCo/MIL-
53(Al)-A700.

The selectivities for total butenes were 41.2%, 44.2% and 53.4% at 90% conversion on PdCo/MIL-53(Al)-A800-3
catalystat 20 °C, 30 °C and 40 °C, respectively (Fig. 6e). The selectivity for total butenes increased with the increase
of reaction temperature at 90% 1,3-butadiene conversion, indicating that high reaction temperature improved
the selectivity of total butenes. This phenomenon may be due to the stronger adsorption of 1,3-butadiene on
surface of Pd-Co nanoparticles at high temperature’®. Moreover, the selectivity for 1-butene, trans-2-butene and
cis-2-butene were similar on PdCo/MIL-53(Al)-A700 catalyst at low temperature (20 °C and 30 °C), suggesting
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Fig. 6. Evolution of the 1,3-butadiene conversion (a), product selectivity (b—d) for 1,3-butadiene
hydrogenation on PdCo/MIL-53(Al)-A800-3 at 20 °C (b), 30 °C (c) and 40 °C (d) as a function of reaction
time, and product selectivity on PdCo/MIL-53(Al)-A800-3 at 90% conversion of 1,3-butadiene (e) (reaction
conditions: 5 mg of catalyst, 20.0 mL/min of 1,3—butadiene/N2, 10 mL/min of Hz)'

that no isomerization was detected during 1,3-butadiene hydrogenation at low temperature®®3’. However, the
selectivities for trans-2-butene and cis-2-butene was increased at high reaction temperature of 40 °C, while that
of 1-butene decreased, suggesting that 1-butene isomerized to trans-2-butene and cis-2-butene at high reaction
temperature?®>°, As shown the results above, PACo/MIL-53(Al)-A800-3 demonstrated excellent 1,3-butadiene
conversion and good total butene selectivity at 40 °C.
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Figure S5 illustrates the evolution of 1,3-butadiene conversion and TOF over time and product selectivity
at 90% 1,3-butadiene conversion during the hydrogenation process on PdCo/MIL-53(Al)-A800 with varying
Pd and Co contents. The Pd and Co contents considerably influenced both the conversion of 1,3-butadiene and
the product selectivity. Specifically, the 1,3-butadiene conversion increased with higher Pd and Co contents
(Fig. S5a). However, the turnover frequency (TOF) based on the total metal content (Pd and Co) decreased
as the Pd and Co contents increased (Fig. S5b). For instance, the conversions of 1,3-butadiene at 40 °C in
2 h were 50.2%, 78.5% and 100% for PdCo/MIL-53(Al)-A800-1, PdCo/MIL-53(Al)-A800-2 and PdCo/MIL-
53(Al)-A800-3, respectively. The calculated TOFs based on total metal content were 217.7, 131.9 and 98.1 h!
for PACo/MIL-53(Al)-A800-1, PACo/MIL-53(Al)-A800-2 and PdCo/MIL-53(Al)-A800-3, respectively. PdCo/
MIL-53(Al)-A800-1 catalyst exhibited the highest catalytic activity for 1,3-butadiene hydrogenation. The
reduced Pd and Co contents might enhance nanoparticle dispersion, ensuring adequate exposure of Pd-Co
nanoparticles to the raw material of 1,3-butadiene hydrogenationgl. The selectivities for 1-butene, trans-2-
butene and cis-2-butene were 52.8%, 27.9% and 13.2% at 90% conversion on PdCo/MIL-53(Al)-A800-1 catalyst,
respectively (Fig. S5¢). PACo/MIL-53(Al)-A800-2 and PdCo/MIL-53(Al)-A800-3 displayed similar selectivities
for 1-butene (22.4% and 22.4%), trans-2-butene (20.4% and 23.4%) and cis-2-butene (7.5% and 7.6%) at 90%
1,3-butadiene conversion (Fig. S5c). The selectivities for total butenes were 94.1%, 50.2% and 53.4% on PdCo/
MIL-53(Al)-A800-1, PdCo/MIL-53(Al)-A800-2 and PdCo/MIL-53(Al)-A800-3 catalysts at 90% 1,3-butadiene
conversion, respectively, indicating that the low Pd and Co contents could inhibit the secondary hydrogenation
of butenes to butane (Fig. S5¢).

Figure S6 shows the impact of space velocity on the conversion of 1,3-butadiene, TOF and product selectivity
for the selective hydrogenation of 1,3-butadiene using the PdCo/MIL-53(Al)-A800-3 catalyst. The conversion
of 1,3-butadiene decreased with rising space velocity from 0.5 to 6 h (Fig. S6a). However, during the initial
0.25-0.5 h, the conversion values followed the order: 360 L/(h-g_,,) >900 L/(h-g_,.) > 600 L/(h-g_ ) (Fig. S6a). The
PdCo/MIL-53(Al)-A800-3 catalyst exhibited the highest TOF values at a space velocity of 900 L/(h-g_,) during
all reaction times (Fig. S6b). For the first 1.5 h of the reaction, the TOF values were higher at 600 L/(h-g_,) than
at 360 L/(h-g_,) (Fig. S6b). However, from 1.5 to 6 h, the TOF values were higher at 360 L/(h-g_) than at 600 L/
(h-g ) (Fig. S6b). The selectivity for total butenes increased as space velocity increased at 90% conversion (Fig.
S5£.). The total butene selectvities were 53.4%, 57.5% and 60.0% with space velocity of 360, 600 and 900 L/ (h-gcat),
respectively, on PdCo/MIL-53(Al)-800-3 catalyst at 90% conversion (Fig. S6f.). However, the selectivities for
1-butene, trans-2-butene and cis-2-butene did not apparently variation with different space velocity, indicating
that no isomerization was detected during 1,3-butadiene hydrogenation®>.

The effect of pyrolysis temperature on the conversion of 1,3-butadiene and product selectivity for its
hydrogenation was investigated, and the results are shown in Fig. 7. The PdCo/MIL-53(Al)-A700 catalyst
exhibited the highest 1,3-butadiene conversion, with approximately 100% 1,3-butadiene conversion at all
reaction times (Fig. 7a). The PdCo/MIL-53(Al)-A600 and PdCo/MIL-53(Al)-A800-3 catalysts showed similar
1,3-butadiene conversion during the first 2 h, but the conversion decreased with increased time on stream from
2.5to 6 h (Fig. 7a). At 40 °C over 6 h, the conversions of 1,3-butadiene were 87.4% for PdCo/MIL-53(Al)-A600
and 78.2% for PdCo/MIL-53(Al)-A800-3 (Fig. 7a). PACo/MIL-53(Al)-A500 exhibited the lowest conversion of
1,3-butadiene, ranging from 23 to 33% at 40 °C (Fig. 7a). The TOF based on the total metal content (Pd and
Co) presented similar shaped with 1,3-butadiene conversion as a function of time for PdCo/MIL-53(Al)-A500,
PdCo/MIL-53(Al)-A600, PdCo/MIL-53(Al)-A700 and PdCo/MIL-53(Al)-A800-3 catalysts (Fig. 7b). PdCo/
MIL-53(Al)-A700 catalyst exhibited the highest TOF of 103.5 h™! from initial time to 6 h. The support type and
nanoparticle size play a significant role in the catalytic activity for the hydrogenation of 1,3-butadiene’"%2. The
XRD exhibited that MIL-53(Al) retained its original structure after pyrolysis at 500°C but fully decomposed into
ALQ, after pyrolysis at 600 °C-800°C (Fig. 1). The average sizes of the Pd-Co nanoparticles were 9.4, 10.9, 8.5,
and 12.4 nm for PdCo/MIL-53(Al)-A500, PdCo/MIL-53(Al)-A600, PdCo/MIL-53(Al)-A700 and PdCo/MIL-
53(Al)-A800-3, respectively (Fig. 4). The PACo/MIL-53(Al)-A700 catalyst, with an average Pd—-Co nanoparticle
size of 8.5 nm, demonstrated superior 1,3-butadiene conversion in 1,3-butadiene hydrogenation, attributing to
the type of support (AL,O,) and reduced size of the Pd-Co nanoparticles®>. As shown in Fig. 7¢, the selectivity for
total butenes remained relatively constant throughout the reaction time for the PdCo/MIL-53(Al)-A500 catalyst,
with values ranging from 74.9% to 76.9%. The distributions of different products followed the order of 1-butene
(39.1%-46.4%) > trans-2-butene (22.5-27.9%) ~ butane (23.7-25.6%) > cis-2-butene (6.6%-8.1%) from initial
time to 6 h (Fig. 7c). For the PdACo/MIL-53(Al)-A500 catalyst, 1-butene was the predominant product at all
reaction time. In contrast, for the PdCo/MIL-53(Al)-A600 catalyst, the selectivity for total butenes increased
from 20.5% to 65.5% as time on stream progressed (Fig. 7d). Concurrently, the selectivity for butane decreased
from 79.5% to 34.5% with increasing reaction time (Fig. 7d). Selectivities for 1-butene, trans-2-butene and cis-
2-butene also increased with longer reaction times. The distribution of different butenes followed the order of
trans-2-butene (12.5%-29.2%) > 1-butene (3.3%-24.7%) > cis-2-butene (5.0%-14.6%) from initial time to 6 h
(Fig. 7d). For the PdCo/MIL-53(Al)-A700 catalyst, selectivity for total butenes increased from 22.7% to 62.6% as
the time on stream progressed (Fig. 7e). Concurrently, the selectivity for butane decreased from 77.3% to 37.4%
with increasing reaction time (Fig. 7e). The selectivity for 1-butene increased slightly over time, with values
ranging from 6.9% to 29.4% (Fig. 7e). The selectivity for trans-2-butene increased from 10.1% to 22.3% during
the first 1 h, then decreased from 1 to 3 h, and stabilised at approximately 15% from 3.0 to 6.0 h over PdCo/
MIL-53(Al)-A700 at 40 °C (Fig. 7e). The selectivity for cis-2-butene also increased slightly with longer reaction
times, ranging from 5.8% to 17.4% (Fig. 7e). For PdCo/MIL-53(Al)-A800-3 catalyst, the selectivity for total
butenes initially decreased slightly from 42.5% to 41.3% during the first 0.25 h of the reaction, then increased
from 41.3% to 55.6% as the time on stream extended from 0.25 to 4 h, and remained relatively constant from 4 to
6 h (Fig. 7f). The percentages of different products followed the order of butane (44.4%-58.7%) > trans-2-butene
(22.6%-27.0%) > 1-butene (4.6%-24.8%) > cis-2-butene (6.8%-10.5%) at all reaction time (Fig. 7f). Specially,
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the selectivities for total butenes were 54.0%, 60.8%, 72.3% and 53.4% on PdCo/MIL-53(Al)-A500, PACo/MIL-
53(Al)-A600, PACo/MIL-53(Al)-A700 and PdCo/MIL-53(Al)-A800-3 at 90% conversion, respectively (Fig. 7g).
The PdCo/MIL-53(Al)-A700 catalyst exhibited highest selectivity for total butenes at 90% conversion of
1,3-butadiene. As shown the results above, the PdCo/MIL-53(Al)-A700 catalyst presented the best 1,3-butadiene
conversion and total butene selectivity.

To elucidate the effect of Pd-Co alloying on the catalytic performance of Pd in the selective hydrogenation
of 1,3-butadiene, the performance of the PACo/MIL-53(Al)-A700 and Pd/MIL-53(Al)-A700 catalysts was
compared (Fig. 8). For the monometallic catalyst Pd/MIL-53(Al)-A700, the 1,3-butadiene conversion
was nearly 99% during the first 0.25 h but then rapidly declined to 40.3% at 6 h (Fig. 8a). In contrast, the
bimetallic PdCo/MIL-53(Al)-A700 catalyst demonstrated consistently high activity, achieving 100% conversion
of 1,3-butadiene throughout the reaction time (Fig. 8a). After introducing Co elements into the catalyst for
PdCo/MIL-53(Al)-A700, the 1,3-butadiene conversion was initially similar to that of monometallic Pd/MIL-
53(Al)-A700 during the first 0.5 h of reaction time. However, from 0.5 to 6 h, it was significantly higher than
that of monometallic Pd/MIL-53(Al)-A700. The results indicated that the bimetallic PdCo/MIL-53(Al)-A700
catalyst exhibited better stability than monometallic Pd/MIL-53(Al)-A700. The enhanced stability for PdCo/
MIL-53(Al)-A700 catalyst can be attributed to the synergistic effects between Pd and Co%*34. The selectivity
of total butenes over the Pd/MIL-53(Al)-A700 catalyst rapidly increased to 64.0% within the first 1 h and then
gradually increased to 80.0% over the next 5 h (Fig. 8b). The selectivity toward total butenes over the PdCo/
MIL-53(Al)-A700 catalyst rapidly increased from 22.7% intially to 45.9% at 0.5 h, followed by a gradual increase
to 62.6% at 6 h (Fig. 8b). The selectivity of total butenes for the PdCo/MIL-53(Al)-A700 catalyst was higher
than that of the monometallic Pd/MIL-53(Al)-A700 catalyst at similar 1,3-butadiene conversions (>99.0%).
However, the total butene selectivity of the bimetallic PdCo/MIL-53(Al)-A700 catalyst was lower than that of the
monometallic PA/MIL-53(Al)-A700 from 1 to 6 h, even though the 1,3-butadiene conversion was higher with
the PdACo/MIL-53(Al)-A700 catalyst. Overall, the bimetallic PdCo/MIL-53(Al)-A700 catalyst exhibited better
1,3-butadiene conversion and total butene selectivity at similar 1,3-butadiene conversion (>99.0%) compared
to the monometallic PdA/MIL-53(Al)-A700 catalyst. This improvement is likely due to the synergistic interactions
of the Pd-Co alloy nanoparticles in the PdCo/MIL-53(Al)-A700 catalyst>®85-88,

The stability and regeneration capabilities are crucial parameters for catalysts in industrial applications®.
The stability and regeneration of the PdCo/MIL-53(Al)-A700 catalyst were assessed at 40 °C. Figure 9 illustrates
the evolution of 1,3-butadiene conversion and total butene selectivity over time for both fresh and regenerated
PdCo/MIL-53(Al)-A700 catalysts. The 1,3-butadiene conversion for the fresh PdCo/MIL-53(Al)-A700 catalyst
remained constant at 100% for the first 6 h but showed signs of deactivation with prolonged time on stream
(Fig. 9a). After 147 h, the 1,3-butadiene conversion decreased from 100% to 53.0% (Fig. 9a). The selectivity
toward total butenes increased rapidly with time on stream during the first 40 h of reaction and then continued to
rise gradually increased from 40 to 147 h (Fig. 9b). The fresh PdCo/MIL-53(Al)-A700 catalyst initially exhibited
a total butene selectivity of 22.7%, which increased to 87.1% after 147 h (Fig. 9b). Spent PdCo/MIL-53(Al)-A700
catalyst exhibited the similar PXRD patterns with fresh PdCo/MIL-53(Al)-A700 catalyst (Fig. 10a). The peak at
20=26.7° are characteristic of 8-ALO,, while the peaks at 26 =40.1°, 45.7° and 67.2° attributed to y-AL,0,%¢".
The TEM image and Pd-Co nanoparticle size distribution of spent PdCo/MIL-53(Al)-A700 catalyst are shown
in Figs. 10d and e. There was no greatly aggregation of Pd-Co nanoparticles for spent PdCo/MIL-53(Al)-A700
because of the stabilizing effect of Al,O, and synergistic effect between Pd and Co*®. The mean paricle size of Pd-
Co nanoparticles for the spent PdCo/MIL-53(Al)-A700 catalyst was 8.9 nm. The mean Pd-Co nanoparticle size
of fresh PdCo/MIL-53(Al)-A700 catalyst was 8.5 nm (Fig. 4). Only 4.7% of mean Pd-Co nanoparticle size was
increased due to the highly dispersion of Pd-Co nanoparticles and synergistic effect of Pd and Co, which had
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little effect on deactivation during 147 h on stream. The Raman spectra of spent PdCo/MIL-53(Al)-A700 catalyst
exhibited two peaks at 1352 cm™ (D band) and 1582 cm™ (G band) which can be correspond to the amorphous
carbon species and filamentous/graphitic carbon species, respectively (Fig. 10b)?”. As shown in Fig. 10c, the
distinct weight loss (6.5%) from 30 to 391 °C was attributed to the desorption of physically adsorbed raw and
product materials. The TG curve of spent PdCo/MIL-53(Al)-A700 exhibited a slight increase (0.1%) in weight
from 391 °C to 421 °C, corresponding to the oxidation of Pd° to Pd?>*?’. The carbon deposits were oxidized at
421-903 °C, which were consistent with the literature®®. The weight loss (2.0%) from 421 to 840 °C corresponded
to the amorphous carbon deposits, while the weight loss (0.7%) in the range from 840 °C to 903 °C ascribed to
the filamentous/graphitic carbon deposits®'. Raman and TG characterization results revealed that the carbon
can be deposited on the PdCo/MIL-53(Al)-A700 during 1,3-butadiene hydrogenation. Previous studies have
shown that carbon deposited on catalysts during 1,3-butadiene hydrogenation can block catalyst pores or cover
active sites?”%. This carbon buildup often results in reduced hydrogenation activity. Therefore, the degradation
for PACo/MIL-53(Al)-A700 was mainly ascribed to the carbon deposition on the catalyst. The spent PdCo/MIL-
53(Al)-A700 catalyst was regenerated three times by exposing it to a flow of N, (20 mL/min) at 200 °C for 2 h
to remove the carbon deposits. After three regeneration cycles, the PdCo/MIL-53(Al)-A700 catalyst showed a
similar 1,3-butadiene conversion and total butene selectivity profiles to those of the fresh catalyst. This indicates
that PdCo/MIL-53(Al)-A700 can be effectively regenerated three times under these conditions.

Conclusion

In conclusion, a series of bimetallic Pd-Co catalysts supported on Al,O, derived from MIL-53(Al) at various
calcination temperatures were successfully synthesised using the co-impregnation method. The catalytic
performance of these bimetallic Pd-Co catalysts was evaluated in the selective hydrogenation of 1,3-butadiene
at low temperatures between 20 and 40 °C, with 10 °C intervals and at atmospheric pressure. The PdCo/MIL-
53(Al)-A700 catalyst exhibited a strong synergistic effect during 1,3-butadiene hydrogenation, delivering
considerably higher 1,3-butadiene conversion and total butene selectivity compared to the monometallic
Pd/MIL-53(Al)-A700 catalyst, demonstrating its potential for application on an industrial scale. In addition,
the PdCo/MIL-53(Al)-A700 catalyst can be readily regenerated three times in an N, flow at 200 °C, with no
noticeable loss in catalytic activity or total butene selectivity. The findings presented here may pave the way for
the development of low-cost, high-performance, and stable heterogeneous bimetallic catalysts by introducing
non-precious metals into noble metal catalysts using MOF-derived supports. We believe that MOF-derived
supported bimetallic nanoparticle catalysts will play a significant role in diverse applications moving forward.
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size distribution (e) of the PdCo/MIL-53(Al)-A700 after reaction at 40 °C for 147 h on stream.
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