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Superior catalytic performance for selective 1,3-butadiene (1,3-
BD) hydrogenation can usually be achieved with supported
bimetallic catalysts. In this work, Pt� Co nanoparticles and Pt
nanoparticles supported on metal–organic framework MIL-
100(Fe) catalysts (MIL=Materials of Institut Lavoisier, PtCo/MIL-
100(Fe) and Pt/MIL-100(Fe)) were synthesized via a simple
impregnation reduction method, and their catalytic perform-
ance was investigated for the hydrogenation of 1,3-BD. Pt1Co1/
MIL-100(Fe) presented better catalytic performance than Pt/
MIL-100(Fe), with significantly enhanced total butene selectivity.
Moreover, the secondary hydrogenation of butenes was
effectively inhibited after doping with Co. The Pt1Co1/MIL-
100(Fe) catalyst displayed good stability in the 1,3-BD hydro-

genation reaction. No significant catalyst deactivation was
observed during 9 h of hydrogenation, but its catalytic activity
gradually reduces for the next 17 h. Carbon deposition on
Pt1Co1/MIL-100(Fe) is the reason for its deactivation in 1,3-BD
hydrogenation reaction. The spent Pt1Co1/MIL-100(Fe) catalyst
could be regenerated at 200 °C, and regenerated catalysts
displayed the similar 1,3-BD conversion and butene selectivity
with fresh catalysts. Moreover, the rate-determining step of this
reaction was hydrogen dissociation. The outstanding activity
and total butene selectivity of the Pt1Co1/MIL-100(Fe) catalyst
illustrate that Pt� Co bimetallic catalysts are an ideal alternative
for replacing mono-noble-metal-based catalysts in selective 1,3-
BD hydrogenation reactions.

Introduction

Platinum (Pt) is an important transition metal and catalyst
candidate due to its outstanding catalytic properties in
chemical reactions.[1] In particular, Pt-based catalysts have been
widely used in hydrogenation reactions with compounds such
as 1,3-butadiene (1,3-BD),[2] CO2,

[3] cinnamaldehyde,[4]

nitrobenzene,[5] aromatic heterocyclic compounds and carboxyl
substituted aromatics,[6] tertiary amines,[7] and 5-hydroxymeth-
ylfurfural.[8] The selective hydrogenation of 1,3-BD is a signifi-
cant industrial refining process that purifies butenes produced
from crude oil cracking.[9] 1,3-BD can be selectively hydro-
genated to butenes (such as 1-butene, trans-2-butene, and cis-
2-butene), which improves carbon utilization.[10] However, these
butenes can easily be further hydrogenated to butane due to
the low barrier to this reaction.[11] Hence, improving butene
selectivity is one of the most crucial factors for developing 1,3-
BD hydrogenation catalysts. Currently, one of the most widely
utilized approaches for increasing butene selectivity is the

addition of a second metal element to single-metal materials to
produce bimetallic catalysts.[9,10] This second metal can influence
the surface structure and electronic properties of the metals,
enhance the hydrogen adsorption ability of the catalyst, and
decrease butene adsorption.[9] Therefore, catalyst activity and
butene selectivity can be enhanced. Wang et al.[12] synthesized
Pt� Ni/γ-Al2O3 and Pt� Ni/TiO2 bimetallic catalysts that presented
higher activities for 1,3-BD hydrogenation than corresponding
single-metal catalysts. Lonergan et al.[13] also reported that
Pt� Ni bimetallic catalysts exhibit significantly higher catalytic
activity than monometallic Pt or Ni catalysts for the hydro-
genation of 1,3-BD. Compared to a monometallic Pt/UiO-67
catalyst, a Au� Pt bimetallic AuPt/UiO-67-3 catalyst exhibited
enhanced butene selectivity.[14] A Pt� Co/γ-Al2O3 catalyst demon-
strated better activity than a monometallic Pt/γ-Al2O3 catalyst.

[15]

These prior results show that Pt-based bimetallic catalysts can
act as high-efficiency 1,3-BD hydrogenation catalysts, demon-
strating outstanding catalytic activity and selectivity for bu-
tenes.

Metal-organic frameworks (MOFs) are novel micro-mesopo-
rous materials formed by the combination of transition metal
ions or clusters with multidentate organic ligands.[16] Compared
with carbon and metal oxide-based materials, MOFs display
many positive characteristics, such as their low density, large
BET surface area, high adsorption capacity, uniform pore
distribution, and excellent chemical stability.[17] Therefore, MOFs
are more conducive for the dispersion and stabilization of metal
nanoparticles (NPs), and they display significant promise as
supports for metal NPs.[17b,18] MIL-100(Fe) (MIL=Materials of
Institut Lavoisier, FeIII

3O(H2O)2(F/OH)[C6H3(CO2)3]2 · 14.5H2O) is a
prototypical example MOF with a rigid zeolitic architecture,
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hierarchical pore texture, superior chemical and hydrolytic
stability, and extremely high porosity. Thus, MIL-100(Fe) is an
excellent catalyst support for heterogeneous catalysis.[19] Jing
et al.[20] successfully synthesized a Ag/MIL-100(Fe) catalyst using
a MIL-100(Fe) MOF as a support via a simple solution-based
impregnation-reduction strategy. They reported that this Ag/
MIL-100(Fe) catalyst demonstrated excellent catalytic activity for
the terminal alkyne photothermal carboxylation with CO2. In
this reaction system, different aromatic alkynes were trans-
formed to their corresponding carboxylic acid products with
yields of 86–92% after 12 h visible light irradiation under CO2

(1 atm) at room temperature.[20] The Ag/MIL-100(Fe) catalyst
also presented excellent recyclability performance, with its
catalytic activity remaining almost constant after three cycles.[20]

MIL-100(Fe) supported Pd� Ni alloy NPs (Pd� Ni@MIL-100(Fe))
displayed prominent catalytic performance for the reversible
hydrogenation/hydrogenation of N-heterocycle derivatives.[21]

The Pd� Ni@MIL-100(Fe) catalyst exhibited superior catalytic
stability and no significant loss in activity after being reused six
times.[21] Moreover, no distinct agglomeration was visible in
TEM micrographs of the recycled catalyst due to the highly
porous structure and superior stability in water of the MIL-
100(Fe) support.[21]

In this study, the catalytic properties of PtCo/MIL-100(Fe)
and Pt/MIL-100(Fe) were compared for the hydrogenation of
1,3-BD. The effect of the Pt :Co molar ratio on catalytic perform-
ance as well as the stability and reaction order of 1,3-BD
hydrogenation over Pt1Co1/MIL-100(Fe) with respect to the
reactant were also studied. This comparative study demon-
strated that the bimetallic Pt1Co1/MIL-100(Fe) catalyst pre-
sented better catalytic properties than Pt/MIL-100(Fe), and the
best 1,3-BD hydrogenation performance was achieved with a
Pt :Co molar ratio of 1 :1. No obvious catalytic activity
deactivation or reduction in the selectivity to total produced
butenes was observed during 9 h of reaction time on stream.
The reaction order demonstrated that the rate-determining
step of this hydrogenation reaction with Pt1Co1/MIL-100(Fe) is
hydrogen dissociation.

Results and Discussion

As-prepared Catalyst Characterization

MIL-100(Fe), Pt/MIL-100(Fe), and Pt1Co1/MIL-100(Fe) were char-
acterized using XRD, XPS, H2-TPR, TEM, EDS, and nitrogen
physisorption experiments. Compared to the XRD patterns of a
typical sample of MIL-100(Fe), the MIL-100(Fe) synthesized
herein is not crystalline and embedded with defects.[22] The XRD
patterns of the Pt/MIL-100(Fe) and Pt1Co1/MIL-100(Fe) materi-
als display the characteristic peaks of MIL-100(Fe), but these
characteristic peaks decrease in intensity or entirely disappear
after loading the Pt NPs and Pt� Co NPs (Figure S1 in Supporting
Information). This phenomenon indicates that the Pt NP and
Pt� Co NP loading process is detrimental to the MIL-100(Fe)
structure.[23]

XPS analysis was conducted on Pt/MIL-100(Fe) and Pt1Co1/
MIL-100(Fe) to investigate the relative valence states of the
loaded Pt and Co (Figure S2). For Pt/MIL-100(Fe), the Pt2+ 4f7/2
peak exists at a binding energy value of 72.96 eV, and the Pt2+

4f5/2 peak is located at a binding energy value of 75.80 eV.[24]

The Pt2+ 4f binding energy peaks of Pt1Co1/MIL-100(Fe)
(73.04 eV and 76.29 eV) show a slightly positive shift compared
to the corresponding Pt/MIL-100(Fe) spectrum, which sug-
gested that the electronic structure of Pt was affected by Co.
That is, there are electronic interactions between Pt and Co.[25]

The Co and Pt form alloy NPs.[26] This analysis agrees with that
reported in other work.[26] The fitted Co 2p spectrum of Pt1Co1/
MIL-100(Fe) exhibits peaks at 782.0 eV (Co2+ 2p1/2) and 796.0 eV
(Co2+ 2p3/2).

[27] The peak at 780.7 eV is assigned to Co3+ 2p3/2.
[28]

Meanwhile, two satellite peaks at 786.19 eV and 802.21 eV are
assigned to the shakeup peaks of Co 2p1/2 and Co 2p3/2.

[27] Co is
deeply oxidized to Co3+ in Pt1Co1/MIL-100(Fe) catalyst, which
could be attributed to the influence of MIL-100(Fe) environ-
ment. And any coordination of MIL-100(Fe) with Co could lead
to this positive shift.

H2 temperature-programmed reduction (H2-TPR) profiles of
Pt1Co1/MIL-100(Fe) presented four main reduction peaks at
143.4 °C, 172.0 °C, 363.9 °C, and 422.6 °C (Figure S3). The reduc-
tion peak at 172.0 °C is assigned to the reduction of oxidized Pt
species to metallic Pt0.[29] The peaks at 143.4 °C and 363.9 °C are
associated with the reduction of Co3O4 to CoO and CoO to Co0,
respectively.[30] The higher temperature peak (422.6 °C) is
assigned to the decomposition of the MIL-100(Fe) support.[31]

These results are agree with the conclusions obtained from the
XPS analysis: the existence of PtO, Co3O4, and CoO in the
Pt1Co1/MIL-100(Fe) catalyst.

TEM, high-angle annular dark-field scanning TEM (HAADF-
STEM), and EDS were used to investigate the size and
distribution of the Pt� Co NPs and Pt NPs on MIL-100(Fe). The
TEM images, HAADF-TEM images, EDS elemental mappings, and
Pt� Co particle size distribution of Pt1Co1/MIL-100(Fe) and Pt/
MIL-100(Fe) are presented in Figure 1 and Figure S4. As shown
in the TEM and HAADF-STEM images, the Pt� Co NPs and Pt NPs
in Pt1Co1/MIL-100(Fe) and Pt/MIL-100(Fe) are uniformly loaded
on the MIL-100(Fe) support. The Pt1Co1/MIL-100(Fe) and Pt/
MIL-100(Fe) catalysts display similar particle sizes: 3.1 nm and
2.9 nm, respectively. The EDS elemental mapping of Pt1Co1/
MIL-100(Fe) shows a uniform Pt and Co elemental distribution,
confirming the formation of the Pt� Co alloy NPs.

Figure S5 presents nitrogen physisorption isotherms and
pore size distribution of the bare MIL-100(Fe) MOF, Pt1Co1/MIL-
100(Fe), and Pt/MIL-100(Fe) at 77 K. All samples present type IV
adsorption isotherms, indicating their mesoporous nature.[32] As
shown in Table 1, MIL-100(Fe) displays a high BET surface area
(1473 m2/g), while the BET surface areas of Pt1Co1/MIL-100(Fe)
and Pt/MIL-100(Fe) catalysts are dramatically reduced (919 m2/g
and 585 m2/g, respectively). Similarly, the pore volume of MIL-
100(Fe) is 0.93 cm3/g, while the pore volumes of Pt1Co1/MIL-
100(Fe) and Pt/MIL-100(Fe) are lower (0.76 cm3/g and 0.77 cm3/
g, respectively) (Table 1). This significant reduction in surface
area and pore volume is potentially caused by the Pt� Co NPs
and Pt NPs occupying and/or blocking the pores of MIL-
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100(Fe).[33] The mean pore diameter of MIL-100(Fe), Pt1Co1/MIL-
100(Fe), and Pt/MIL-100(Fe) are 2.5, 3.3, and 5.3 nm, respec-
tively. The mean pore diameter of MIL-100(Fe) increases
markedly after loading the Pt� Co NPs and Pt NPs. This
phenomenon may be due to the fact that the support of MIL-
100(Fe) was not crystalline to begin with (going by the PXRD)
and owing to defects and the subsequent loading of Pt� Co or
Pt NPs, the pores of MIL-100(Fe) experienced further expansion.
The pore size distribution curves of MIL-100(Fe), Pt1Co1/MIL-
100(Fe), and Pt/MIL-100(Fe) display that the samples have both
micropores and mesopores. The pore size distributions of MIL-
100(Fe) and Pt1Co1/MIL-100(Fe) are mainly centered at 0.56,
1.25, and 3.76 nm. However, the monometallic Pt/MIL-100(Fe)
presents different pore size distribution, and the pore size
distribution is mainly centered at 0.56, 3.76, and 5.40 nm.

Catalyst Test

The Pt1Co1/MIL-100(Fe) and Pt/MIL-100(Fe) catalysts were
evaluated for selective 1,3-BD hydrogenation at 70 °C under
atmospheric pressure. Figure 2 shows 1,3-BD conversion and
product selectivity as a functions of reaction time over the MIL-
100(Fe), Pt1Co1/MIL-100(Fe), and Pt/MIL-100(Fe) at 70 °C. The
MIL-100(Fe) catalyst is almost completely inactive for 1,3-BD
hydrogenation under the employed conditions due to its lack
of catalytic active sites. In contrast, the Pt1Co1/MIL-100(Fe) and
Pt/MIL-100(Fe) catalysts display outstanding catalytic activity,

Figure 1. TEM image (A), Pt� Co particle size distribution (B), HAADF-TEM
image (C), and EDS elemental mapping images of Pt1Co1/MIL-100(Fe) (D–F).

Table 1. The porous properties of MIL-100(Fe), Pt1Co1/MIL-100(Fe), and Pt/
MIL-100(Fe)

samples BET
[m2/g]

volume
[cm3/g]

mean pore
diameter [nm]

MIL-100(Fe) 1473 0.93 2.5
Pt1Co1/MIL-100(Fe) 919 0.76 3.3
Pt/MIL-100(Fe) 585 0.77 5.3

Figure 2. The conversion of 1,3-BD (A) and product selectivities (B, C) as
functions of reaction time for 1,3-BD hydrogenation over the MIL-100(Fe),
Pt1Co1/MIL-100(Fe), and Pt/MIL-100(Fe) catalysts (reaction conditions: 15 mg
catalyst; 70 °C reaction temperature; 20 mL/min 1.0 vol% 1,3-BD/99.0 vol%
N2, 8.5 mL/min 99.999% H2).
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indicating that the Pt� Co NPs and Pt NPs can efficiently catalyze
1,3-BD hydrogenation. Using the Pt1Co1/MIL-100(Fe) catalyst,
the conversion level of 1,3-BD increases with reaction time with
an S-shaped growth curve. The conversion of 1,3-BD reaches
98.2% at 70 °C within 3.5 h and levels off as the reaction
proceeds further. However, Pt/MIL-100(Fe) presents a differently
shaped conversion curve. For this catalyst, the 1,3-BD con-
version level is approximately 100% at all reaction times. Using
the Pt1Co1/MIL-100(Fe) catalyst, the selectivities for formation
butenes (1-butene, trans-2-butene, and cis-2-butene) slightly
increase during the first 1.0 h of the reaction, with values
ranging from 65.2% to 67.2%. These values remain essentially
constant from 1.0 h to 2.5 h. From 3.0 h to 5.0 h, the selectivity
to total butenes significantly decreases when the concentration
of 1,3-BD rapidly drops. The total butene selectivity remains at
about 54.0% when 1,3-BD is almost completely transformed.
The selectivities to the various butene isomers with the Pt1Co1/
MIL-100(Fe) catalyst show a similar distribution across the whole
reaction time range. The various butene isomers are synthe-
sized in the order 1-butene> trans-2-butene>cis-2-butene.
Furthermore, Pt1Co1/MIL-100(Fe) demonstrates a clear reduc-
tion in the selectivity to 1-butene when the time on stream is
higher than 3.0 h and 1,3-BD conversion is higher than 50.0%.
In contrast, the selectivities of Pt1Co/MIL-100(Fe) to trans- and
cis-2-butene increase as the reaction time increases beyond
3.0 h. However, the Pt/MIL-100(Fe) catalyst demonstrates 100%
butane selectivity at all reaction time intervals. Therefore, under
the tested catalytic reaction conditions, the Pt/MIL-100(Fe)
catalyst promotes the secondary hydrogenation of butenes to
butane. As a slightly lower 65 °C reaction temperature, the Pt/
MIL-100(Fe) selectivity to total produced butenes increases to
59.9% (Figure S6B). However, the 1,3-BD conversion on Pt/MIL-
100(Fe) decreases from 100% (at 70 °C) to 33.2% (at 65 °C)
(Figure S6A). Compared with Pt/MIL-100(Fe), the total butene
selectivity of Pt1Co1/MIL-100(Fe) for 1,3-BD hydrogenation is
significantly enhanced. This indicates that secondary butene
hydrogenation to butane is effectively inhibited by Co doping.

According to previously reported studies, the molar ratio of
the metals in bimetallic catalysts can significantly affect their
activity and selectivity.[9,14,34] Thus, the influence of the Pt :Co
molar ratio on 1,3-BD hydrogenation over the PtCo/MIL-100(Fe)
catalyst was investigated at 70 °C, as shown in Figure 3. A Pt :Co
molar ratio of 1 : 1 results in the best 1,3-BD hydrogenation
performance, with a 1,3-BD conversion of up to 99.7% (Fig-
ure 3A) and a selectivity to total produced butenes of 54.4%
(Figure 3B). However, the Pt1Co3/MIL-100(Fe) catalyst (with a
Pt :Co molar ratio of 1 : 3) exhibits low 1,3-BD conversion, with a
conversion of only 36.8% within 5.0 h at 70 °C. The PtCo/MIL-
100(Fe) catalysts with Pt :Co molar ratios of 1 : 2, 2 : 1, and 3 :1 all
exhibit 1,3-BD conversions of up to 100% within 0.5 h at 70 °C,
but their selectivities to total produced butenes sharply
decrease. For instance, total butene selectivity of the Pt3Co1/
MIL-100(Fe) catalyst is only 18.4%. 1,3-BD is completely
converted to butane on the Pt1Co2/MIL-100(Fe) and Pt2Co1/
MIL-100(Fe) catalysts under these catalytic reaction conditions.

The stability of the Pt1Co1/MIL-100(Fe) catalyst for 1,3-BD
hydrogenation at 70 °C was tested, as shown in Figure 4. The

Pt1Co1/MIL-100(Fe) catalyst does not exhibit any deactivation
in the first 9 h, but its catalytic activity gradually reduces over
the next 17 h. The catalyst displays 1,3-BD conversion of about
85% for the first 9 h, and this declines to 55.6% at 26 h. The
selectivity to total produced butenes does not significantly
change in the first 13 h, and then gradually increased over next
13 h. Carbon will be deposited on the catalysts during the 1,3-

Figure 3. The effect of varying the Pt :Co molar ratio of PtCo/MIL-100(Fe) on
(A) 1,3-BD conversion and (B) product selectivity (reaction conditions: 15 mg
catalyst; 70 °C reaction temperature; 20 mL/min 1.0 vol% 1,3-BD/99.0 vol%
N2, 8.5 mL/min 99.999% H2).

Figure 4. 26 h stability test of fresh Pt1Co1/MIL-100(Fe) and regenerate
Pt1Co1/MIL-100(Fe) catalysts for 1,3-BD hydrogenation (reaction conditions:
10 mg catalyst; 70 °C reaction temperature; 20 mL/min 1.0 vol% 1,3-BD/
99.0 vol% N2, 8.5 mL/min 99.999% H2).
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BD hydrogenation process as films which will block the surface
of active sites and inhibit the catalytic reaction.[35] The spent
Pt1Co1/MIL-100(Fe) was regenerated at 200 °C in a flow of
12 mL/min N2. The regenerated Pt1Co1/MIL-100(Fe) catalyst
displayed the similar 1,3-BD conversion and total butene
selectivity with fresh catalysts, indicating that Pt1Co1/MIL-
100(Fe) could be regenerate at 200 °C and carbon deposition on
Pt1Co1/MIL-100(Fe) is the reason for its deactivation in 1,3-BD
hydrogenation reaction (Figure 4). The stability test for the
Pt1Co3/MIL-100(Fe) was also carried out (Figure S7). Pt1Co3/
MIL-100(Fe) displayed similar deactivation trend with Pt1Co1/
MIL-100(Fe). In addition, an XRD pattern of the used Pt1Co1/
MIL-100(Fe) catalyst after the 26 h reaction is not significantly
different than that of the fresh catalyst (Figure S8). The TEM
characterization was carried out on the spent Pt1Co1/MIL-
100(Fe) after 26 h of reaction (Figure S9). The Pt� Co NPs in
spent Pt1Co1/MIL-100(Fe) are uniformly dispersed on the MIL-
100(Fe) support, and mean Pt� Co NP size is 3.1 nm. The spent
Pt1Co1/MIL-100(Fe) and fresh Pt1Co1/MIL-100(Fe) catalysts
showed the same mean Pt� Co NP size, indicating that no
agglomeration of Pt� Co NPs occurred under the reaction
conditions, which was probably attributed to the limitation
effect of the MIL-100(Fe) channels.

In order to study the influence of the valence state of Pt
and Co on 1,3-BD hydrogenation catalytic performance, the
Pt1Co1/MIL-100(Fe)-200 catalyst was synthesized using the
similar method as Pt1Co1/MIL-100(Fe), except reduced at 200 °C
for 1 h under 10.0 mL/min H2. XPS and H2-TPR indicated that Pt
and Co in Pt1Co1/MIL-100(Fe) are present in the mixture of PtO,
Co3O4 and CoO, respectively. H2-TPR of Pt1Co1/MIL-100(Fe)
presented that Co3+ and Pt2+ could reduced to Co2+ and Pt0 at
143.4 °C and 172.0 °C, respectively. Figure S10 shows 1,3-BD
conversion and product selectivity as functions of reaction time
on Pt1Co1/MIL-100(Fe)-200. Compared with Pt1Co1/MIL-
100(Fe), Pt1Co1/MIL-100(Fe)-200 exhibits different catalytic
performance in 1,3-BD hydrogenation reaction. The conversion
of 1,3-BD gradually decreases with reaction time (Figure S10A).
The 1,3-BD conversion was close to 100% within 15 min at
70 °C, while the conversion of 1,3-BD was only 18.7% after
reaction 14 h. However, the selectivity to produced total
butenes remains essentially constant at first 2.5 h (49.2%–
49.7%), and then continuously increases with increasing
reaction time (Figure S10B). The selectivity toward 1-butene
and cis-2-butene increased gradually with increasing reaction
time whilst that toward trans-2-butene decreased with increas-
ing reaction time, indicating that some isomerizations occurred
in the processing of reaction.[34] These results presented that
Pt1Co1/MIL-100(Fe)-200 with Pt0� CoO as active sites is more
likely to deposit carbon during the reaction, and has poor
stability for the 1,3-BD hydrogenation reaction.

The reaction order over the Pt1Co1/MIL-100(Fe) catalyst for
1,3-BD hydrogenation with respect to the reactants was
obtained by varying the flow rate of one reactant while fixing
the concentration of the other reactant at 70 °C. The 1.0 vol%
1,3-BD in N2 flow rate was varied between 13.0 mL/min and
20 mL/min, while the hydrogen flow rate was varied between
4.5 mL/min and 10.5 mL/min. A log-log plot of the 1,3-BD

consumption rate versus the 1,3-BD concentration at 70 °C
provides a straight line with the equation: lg(� dCbutadiene/dt)=
� 0.63× lg(Cbutadiene) – 6.44. For this equation, R2=0.99, and the
slope is equal to � 0.63 (Figure S11A). A log-log plot of
hydrogen consumption rate versus hydrogen concentration
also provides a straight line: lg(� dCH2/dt)=0.72× lg(CH2)+0.16,
where the slope is 0.72 and R2=0.99 (Figure S11B). The
apparent reaction orders of 1,3-BD hydrogenation with respect
to 1,3-BD and hydrogen are � 0.63 and 0.72, respectively. The
negative reaction order of 1,3-BD (� 0.63) shows that compet-
itive adsorption exists between 1,3-BD and hydrogen on the
pores and surface of Pt1Co1/MIL-100(Fe).[36] In other words, the
existence of 1,3-BD potentially inhibits the hydrogenation of
1,3-BD.[36] The positive apparent reaction order with respect to
hydrogen (0.72) indicates that a low amount of hydrogen is
adsorbed on the pores and surface of Pt1Co1/MIL-100(Fe) and
that the rate-limiting step of this reaction is hydrogen
dissociation.[36a] These reaction orders differ from other pre-
viously reported values.[37] The reaction orders with respect to
1,3-BD and hydrogen are within the range of 0.40–0.66 and
0.31–0.73 reported for Pt/SiO2 catalysts with different Pt particle
sizes.[37] A Pt foil catalyst was reported to have reaction orders
of –0.1 and 1.16 for 1,3-BD and hydrogen in 1,3-BD
hydrogenation.[38]

Conclusion

In summary, 1,3-BD hydrogenation over PtCo/MIL-100(Fe) and
Pt/MIL-100(Fe) catalysts was compared using a continuous flow
fixed-bed microreactor. Compared with a monometallic Pt/MIL-
100(Fe) catalyst, the bimetallic Pt� Co catalysts demonstrated
significantly enhanced selectivity for 1,3-BD hydrogenation. The
molar ratio of Pt :Co strongly influenced catalytic performance.
The catalyst with the strongest catalytic performance, had a
Pt :Co molar ratio of 1 :1, and this catalyst demonstrated a high
1,3-BD conversion (99.7%) and total butene selectivity (54.4%)
at 70 °C. The spent Pt1Co1/MIL-100(Fe) catalyst could be
regenerated at 200 °C. Carbon deposition on Pt1Co1/MIL-
100(Fe) is the reason for its deactivation in 1,3-BD hydro-
genation reaction. The reaction orders of this system with
respect to 1,3-BD and hydrogen were � 0.63 and 0.72 for the
Pt1Co1/MIL-100(Fe), indicating that hydrogen dissociation was
the rate-limiting step. Overall, the results and analysis reported
herein demonstrate that Pt� Co bimetallic catalysts are an ideal
alternative for replacing mono-noble-metal-based catalysts in
selective 1,3-BD hydrogenation reactions.

Experimental Section

MIL-100(Fe) Synthesis

A hydrothermal method was used to prepare MIL-100(Fe).[16a]

Briefly, 5 mmol Fe(NO3)3 · 9H2O and 3.35 mmol 1,3,5-benzenetricar-
boxylic acid were dissolved together in 25 mL deionized water
while being stirred for 0.5 h at 500 rpm. Next, the resulting
homogeneous solution was poured to a 100 mL Teflon-lined
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autoclave reactor. The reaction was performed in the autoclave for
12 h at 150 °C. After the reaction, the resulting solid product was
separated by centrifugation, and absolute ethanol was used to
wash the solid at 90 °C for 12 h under stirring at 500 rpm. Finally,
the washed solid was dried at 150 °C under 0.1 MPa vacuum.

Catalyst Synthesis

The PtCo/MIL-100(Fe) catalyst was prepared using an impregnation
reduction method. First, H2PtCl6 · 6H2O (26.7 mg) and Co-
(NO3)3 · 6H2O (15.0 mg) were dissolved in 1 mL absolute ethanol.
Next, this solution was dropped on the MIL-100(Fe) support (0.2 g).
This catalyst was dried at a temperature 50 °C for 2 h under a
pressure of � 0.1 MPa. The dried catalyst was then reduced for 1 h
at 100 °C under H2 (99.999% H2, flowrate of 10.0 mL/min) to obtain
Pt1Co1/MIL-100(Fe). Different Pt� Co bimetallic catalysts with vary-
ing molar ratios of Pt to Co were prepared using the same
procedure. The theoretical Pt loading amount of the catalysts was
fixed at about 5 wt%. The obtained bimetallic Pt� Co catalysts were
denoted PtxCoy/MIL-100(Fe), with x:y molar ratios of 3 : 1, 2 : 1, 1 : 2,
or 1 :3. A Pt/MIL-100(Fe) (5 wt% Pt) catalyst was also synthesized
using a similar impregnation reduction method. The catalyst
Pt1Co1/MIL-100(Fe)-200 was also obtained using the similar
method as Pt1Co1/MIL-100(Fe), except reduced at 200 °C for 1 h
under 10.0 mL/min H2. The actual Pt and Co content in the fresh
Pt� Co and Pt catalysts was measured by ICP-OES. The Pt and Co
levels in the Pt3Co1/MIL-100(Fe), Pt2Co1/MIL-100(Fe), Pt1Co1/MIL-
100(Fe), Pt1Co2/MIL-100(Fe), and Pt1Co3/MIL-100(Fe) catalysts were
4.08 wt% and 0.45 wt%, 4.03 wt% and 0.67 wt%, 3.96 wt% and
1.26 wt%, 4.05 wt% and 2.71 wt%, and 3.91 wt% and 3.46 wt%,
respectively. The actual content of Pt in Pt/MIL-100(Fe) was
4.41 wt%.

Catalytic Testing

The bimetallic Pt� Co and monometallic Pt catalysts were used to
perform selective 1,3-BD hydrogenation under atmospheric pres-
sure. The reactor was a continuous flow fixed-bed quartz tube
microreactor (6 mm inner diameter). 10–15 mg catalyst powder and
500 mg quartz sand (25–50 mesh) were thoroughly mixed and
packed into the quartz tube reactor. The temperature of the reactor
was controlled by a tubular furnace (model #KSL-F, Tianjin Tongda
Experimental Electric Furnace Factory) equipped with a temper-
ature controller (model #TCW-3213, Tianjin Tongda Experimental
Electric Furnace Factory). The inlet flowrate consisted of a 20 mL/
min flow rate of 1 vol% 1,3-BD in 99 vol% N2 and an 8.5 mL/min
flow rate of 99.999% H2. This mixed gas was flowed through the
microreactor catalyst bed. The reaction products at the outlet were
analyzed using an on-line gas chromatograph (SP-6890 instrument,
Shandong Lunan Ruihong Chemical Instrument Co., Ltd.). The spent
Pt1Co1/MIL-100(Fe) was regenerated at 200 °C in a flow of 12 mL/
min N2. The catalytic performance of regenerated Pt1Co1/MIL-
100(Fe) catalyst in the 1,3-BD hydrogenation reaction was also
studied under the same conditions as above.
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