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1-Butene, as one of the widely used chemical raw materials, can be produced by the double bond
isomerization of 2-butene. However, the current yield of the isomerization reaction is only up to 20% or
so. It is therefore an urgent issue to develop novel catalysts with higher performances. In this work,
a high-activity ZrO,@C catalyst that is derived from UiO-66(Zr) is fabricated. The catalyst is prepared by
calcining the precursor UiO-66(Zr) at high temperature in nitrogen, and characterized by XRD, TG, BET,
SEM/TEM, XPS and NHz-TPD. The results demonstrate that the calcination temperature has significant
influences on the catalyst structure and performance. Regarding the catalyst ZrO,@C-500, the selectivity
and yield of 1-butene are 94.0% and 35.1%, respectively. The high performance is due to multiple
aspects, including the inherited octahedral morphology from parent UiO-66(Zr), suitable medium-strong
acidic active sites and high surface area. The present work will lead to a better understanding of the
ZrO,@C catalyst and guide the rational design of high-activity catalysts for the double bond
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1 Introduction

1-Butene is one of the key raw materials to produce linear low-
density polyethylene (LLDPE), high-density polyethylene
(HDPE), polybutylene (PB) resins,'* and other chemicals such
as sec-butanol* and butadiene.® Generally, 1-butene is ob-
tained via separation from mixed C4 in a fluid catalytic
cracking (FCC) unit or the C4 mixture in a steam cracking (SC)
plant.® Nevertheless, the content of 1-butene in C4 mixtures is
commonly low, namely 15-20%. As a matter of fact, the
remaining C4 mixture after the separation of 1-butene is rich
in 2-butene, including cis-2-butene and trans-2-butene, which
can be just used as a fuel. However, 2-butene can be utilized
together with 1-butene to produce methyl ethyl ketone (MEK)
via the hydration of 1-butene/2-butene’ or isobutene via the
skeletal isomerization of the linear butene® or propylene via
butene cross-metathesis.” Recently, the conversion of 2-
butene into 1-butene via double bond isomerization has also
been paid much attention in both academia and industry.
Typical processes for converting 2-butene to 1-butene include
the French Institute of Petroleum (IFP) process,'”'* the DOW
chemical process,' the LUMMUS process,* and the Shanghai
Petrochemical Research Institute process.'**?
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isomerization of 2-butene to 1-butene.

As the double bond isomerization of 2-butene to 1-butene is
an acid catalyzed reaction, the commonly used catalysts are
various acid catalysts, such as molecular sieves catalysts,"*"
metal oxides catalysts,"”® sulphates/phosphates' cation
exchange resins,***' metal-based catalysts with ionic polymers
or metal oxides as support®*?* are adopted. However, the re-
ported yield of 1-butene is only 20% or so by using these cata-
lysts. And the further separation process for the products and
reactants is often by precision distillation or extractive distilla-
tion,>** or by absorption with zeolite®® or MOFs,* with
a complex process and high energy consumption. Therefore,
higher yield of 1-butene can decrease the corresponding energy
consumption and economic cost.

Metal organic frameworks (MOFs), as a porous material
composed of metal nodes and organically linked ligands, can be
utilized as acid catalysts by pre-/post-treatments.**** The
unique multidimensional regular pore structure of MOFs
makes them a proper choice for catalyst carriers. However, the
microporous structure of MOFs limits the physical diffusion of
reactants and products, which gives rise to significantly insuf-
ficient contact of reactants with the catalytic active site.**>¢
Therefore, increasing the pore diameter, reducing the influence
of diffusion on the reaction, and improving the catalytic activity
have become hot topics in developing MOF-derived
catalysts.’”%8

The addition of a third substance® or the elevated temper-
ature during the synthesis of MOFs***® can disrupt parts of the
regular and ordered structures, exposing more active centers
and increasing the pore diameter. For instance, Z. Hasan et al.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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prepared Zirconia-carbon (ZC) via calcination of UiO-66 and
amino-functionalized UiO-66 under N, atmosphere. Li et al.**
prepared a CaO/ZrO, catalyst which was derived from the UiO-
66 supported calcium acetate. Torad et al** obtained Co-
based carbon materials by pyrolytic carbonization of ZIF-67 at
800 °C under nitrogen atmosphere. Zhang et al.** used MIL-125-
(Ti) as a precursor and furfuryl alcohol was added in prepara-
tion of nano-TiO,@C composite catalysts under argon
atmosphere.

Since UiO-66 is a MOF with good hydrothermal stability and
chemical stability,**** and it shows quite high selectivity to 1-
butene (97-99%).* However, the yield of 1-butene is still low
(i.e., 10%) because of the saturated coordination Zr cites.
Moreover, as for the acid-treated UiO-66, the Lewis acidity of the
catalyst is still weak.>»**

The aim of this paper is to develop a high-activity and high-
selectivity catalyst through calcination of UiO-66(Zr) at various
temperatures. In Section 2, the preparation, characterization,
and evaluation of the UiO-66(Zr) derived ZrO,@C catalysts are
presented. In Section 3, the effects of the carbonization
temperature on the performances of the catalysts are discussed.
In Section 4, conclusions on the ZrO,@C catalyst are drawn.

2 Experimental
2.1 Raw materials

Zirconium tetrachloride and terephthalic acid are analytically
pure, purchased from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. N,N-dimethylformamide, hydrochloric acid and
acetic acid are analytically pure, purchased from Sinopharm
Group Chemical Reagents Co., Ltd 2-Butene is purchased from
Dalian Special Gases Co., Ltd The mass percentage of 2-butene
is: cis-2-butene 97.28%, trans-2-butene 2.48%, 1-butene 0.06%,
isobutene 0.18%.

2.2 Catalyst preparation

2.2.1 Preparation of UiO-66. The UiO-66 catalyst is further
optimized based on the synthesis methods reported by Katz**
and Destefano® et al. The preparation process is as follows:
0.932 g (4 mmol) zirconium tetrachloride (ZrCl,) is dissolved in
24 ml N,N-dimethylformamide (DMF), and 0.997 g (6 mmol)
terephthalic acid (H,BDC) is added after 30 min of ultrasound
until dissolved. The ultrasound is continued until completely
dissolved and 0.66 ml hydrochloric acid and 21.6 ml acetic acid
are added. The mixture solution is transferred to a 100 ml
polytetra-fluoroethylene reactor, and the reactor is placed in
a microwave hydrothermal parallel synthesizer. The tempera-
ture is programmed to 150 °C at the rate of 10 °C min ™" for 2 h.
After the material is cooled to room temperature, it is centri-
fuged. The solid is washed three times with DMF and methanol
respectively, and then dried in a vacuum drying oven at 150 °C
for 24 h. The white powder is UiO-66.

2.2.2 Preparation of ZrO2@C. Under the condition of
continuous nitrogen injection (nitrogen flow rate is 200
ml min~") and Muffle furnace heating rate is 10 °C min~', the
UiO-66 sample in crucible is roasted at a certain temperature for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A setup for catalyst evaluation. (1) Nitrogen cylinder; (2) raw
material cylinder; (3) primary pressure gauge; (4) pressure regulating
valve; (5) two-stage pressure gauge; (6) mass flowmeter; (7) check
valve; (8) feed preheater; (9) reactor; (10) thermometer; (11) back
pressure valve; (12) on-line gas chromatograph.

HCl acid
Acetic acid -
Microwave Pyrolysis £
[ B N ¢
2rCl,
H,BDC | par g
Uio-66 Zro,@C
Scheme 1 Illustration of the synthesized process of ZrO,@C catalyst.

2 h. Samples roasted at 400, 500, 600 and 700 °C are labelled as
ZrO,@C-400, ZrO,@C-500, ZrO,@C-600 and ZrO,@C-700,
respectively. These catalysts are called as ZrO,@C-X catalysts,
where the X refers to the specific calcination temperature.

2.3 Catalyst characterization and evaluation

X-ray diffraction measurements (XRD) of solid samples are
carried out on a SmartLab 6000 X-ray diffractometer by using Cu
Ko radiation (e = 0.15418 nm) from 10.0° to 80.0°.

JSM-7900F field emission - scanning electron microscopy
(FE-SEM) and FEI Joel F200 transmission election microscopy
(TEM) are employed to observe the micro morphology of cata-
lyst samples.

A A 210,
210,@C-700
3
% 210,@C-600
2 70, @C-500,
k9]
[ =4
- s \Mull l_x_ r0,@C-400
Lty IR .
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Fig. 2 XRD spectra of UiO-66, ZrO, and ZrO,@C-X catalysts.
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Fig. 3 SEM images of ZrO,@C-X catalysts: (a). ZrO,@C-400, (b). ZrO,@C-500, (c). ZrO,@C-600, (d). ZrO,@C-700, (e). UiO-66.

N, adsorption-desorption isotherms are tested on a Micro-
meritics ASAP 2020 gas-sorption apparatus at —196 °C. The
specific surface area is determined with the BET model.

X-ray photoelectron spectroscopy (XPS) of the samples is
carried out on a Thermo Fisher ESCALAB Xi+ apparatus.

NH;-TPD adsorption/desorption investigations are carried
out by AutoChem II 2920 adsorption instrument equipped with
a thermal conductivity detector (TCD). The strength of acid sites
is analyzed from the position temperature of TPD signals.

Thermal gravimetric (TG) analysis in air is performed by
using NETZSCH STA 449 F5 to determine the amount of carbon
in the prepared catalysts. The air flowrate is 50 ml min~". The
heating rate is 10 °C min™".

Elements analyse is performed by using an Agilent 5100 ICP
spectrometer. The RF Power is 1150, plasma flow is 12 L min*,
sample uptake delay time is 12 s.

Pyridine IR (Py-IR) is carried out by Thermo Fisher Nicolet
iS50. The heating rate is 10 °C min~" up to the measured
temperature (fixed point temperature of 250 °C and 350 °C
respectively) for vacuum desorption for 0.5 h.

The performance of catalytic double bond isomerization of
butene is evaluated in a fixed-bed setup as shown in Fig. 1.

The catalyst particle size is 40-60 mesh, the catalyst filling
volume is 6 ml, and both ends of the reaction tube are filled with
quartz sand. The feedstock feed flow rate is controlled by a mass
flowmeter. The reaction pressure is normal pressure. The outlet
of the reactor is filtered into the on-line Agilent GC8890 gas
chromatography for real-time analysis. The detection condi-
tions are as follows: six-way valve automatic injection, hydrogen
flame detector (FID), HP PLOT/Al,O;3 column (50 m x 0.53 mm
x 15 pm), carrier gas N,, column oven temperature 100 °C,
quantification by area normalization method.

3 Results and discussion

As shown in Scheme 1, the UiO-66 precursor is prepared by
a modified microwave method, in which the acetic acid is added
to adjust the structure. The obtained UiO-66 is further calcined
at various temperature under N, atmosphere and the corre-
sponding product is denoted as ZrO,@C-X. The calcination
temperature of ZrO,@C-X catalyst is investigated in detail. The
results in Fig. 2 show that the sample calcined at 400 °C keeps
the same diffraction peaks with UiO-66 precursor, indicating
that the structure of UiO-66 is not decomposed, which happens
at the temperature higher than 400 °C, such as 500, 600, 700 °C.
It is observed that the ZrO,@C-500, ZrO,@C-600 and ZrO,@C-
700 samples present the diffraction peaks of ZrO,(PDF#88-
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1007), in which 30.3°, 35.2°, 50.3°, 60.2° and 62.9° belong to
the (101), (110), (112), (211) and (202) crystal face, respectively.
Moreover, it is found that higher calcination temperature
results in more acute diffraction peak, suggesting the formation
of larger particles, which are confirmed by SEM characteriza-
tion. As shown in Fig. 3, the samples calcined at various
temperature exhibit the same structure of UiO-66, and the size
of ZrO,@C-X crystal is 100-200 nm (Fig. 3a-d) while UiO-66 is
about 500 nm (Fig. 3e), consistent with XRD results. In Z.
Hasan's work,* the optimal calcination temperature is 900 °C at
which will cause the structure of UiO-66 decomposed. In this
work, the highest calcination temperature is 700 °C.

The pore structures of various ZrO,@C-X catalysts are
analyzed by N, adsorption-desorption experiments. The results
in Fig. 4a display that ZrO,@C-400 catalyst mainly possesses the
microporous structure as that in UiO-66 precursor and high
surface area of 809.0 m”> g~ ', agreement with XRD results. When
the samples are calcined at higher temperature (i.e., 500, 600,
700 °C), the adsorption-desorption isotherms curves belong to
type IV, with obvious H3 hysteresis loop and no obvious satu-
rated adsorption capacity, indicating that the material has
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Fig. 4 (a) N, adsorption—desorption curves. (b) pore distribution of
ZrO,@C-X catalysts.
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Table 1 Specific surface area and pore volume of ZrO,@C-X catalysts

Catalyst Sger (m* g™ 1) Viiero (em® g7 1) Viotal (cm® g7 1)
ZrO,@C-400 809.0 0.356 0.493
ZrO,@C-500 84.3 0.009 0.074
ZrO,@C-600 50.6 0.007 0.044
ZrO,@C-700 48.9 0.006 0.041
UiO-66 1070.4 0.512 0.559
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Fig.5 XPS analysis of the ZrO,@C-X catalysts. (a). C 1s, (b). O 1s, (c). Zr
3d.

mesoporous structure.**** As the calcination temperature
increases, the microporous structure decreases and the meso-
porous structure emerges, which is due to the decomposition of
more organic ligands. Meanwhile, the surface area sharply
decreases under 100 m* g™, which is 84.3, 50.6, 48.9 m*> g~ * for
ZrO,@C-500, ZrO,@C-600 and ZrO,@C-700 (Table 1), respec-

tively. Among above catalysts, ZrO,@C-500 sample owns the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 HRTEM images of ZrO,@C-500 catalyst at different scale bar
((@)100 nm; (b) 5 nm; (c) 10 nm; (d and e) total element distribution; (f)
Zr distribution).

highest surface area and broader pore size distribution (Fig. 4b),
which favours the improvement of catalytic performance.

ZrO,@C-500 is further studied by X-ray photoelectron spec-
troscopy (XPS) analysis. As shown in Fig. 5, the XPS results
exhibit the peaks corresponding to C 1s, O 1s and Zr 3d. C 1s
peak fitting results show three peaks at 288.8, 286.7 and
284.8 eV corresponding to C=0, C-O and C-C/C=C, respec-
tively. O 1s peaks also display three bands at 533.3, 531.8 and
530.1 eV for oxygen of O=C,0-C and O-Zr, respectively. The Zr
3d peaks show two peaks at 182.4 eV (Zr-O) and 184.7 eV
referring to Zr 3d;,.** XPS analysis verifies the element
component of ZrO,@C catalyst. With the increase of calcination
temperature, the content of C-C/C=C and C=0, especially the
content of C=0 bond decreases as shown in the C 1s spectrum
(Fig. 5a)., the content of C-O bond decreases while the content
of O-Zr bond increases significantly shown in the O 1s spectrum
(Fig. 5b), Zr 3ds, and Zr 3ds, has the same increasable
tendency shown in the Zr 3d spectrum (Fig. 5c). These appear-
ances are attributed to the pyrolysis and carbonization of
organic ligands in UiO-66 at the specified calcination
temperature.

The morphology of ZrO,@C-500 catalyst is further analyzed
by HRTEM characterization. As shown in Fig. 6, the sample still
contains the octahedral structure and presents abundant white
spots, which is attributed to the porous structure. In addition,
the crystal lattice of 0.29 nm is clearly observed in the catalyst,
which is corresponding to the (101) face in ZrO,, consistent with
XRD results. Moreover, the images show that ZrO, nano-
particles are embedded in the carbon support. Uniform distri-
bution of element Zr over C can be observed in Fig. 6d and e.
Therefore, combining with XPS results, the obtained materials
can be denoted as ZrO,@C structure.®”

RSC Adv, 2023, 13, 15934-15941 | 15937
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Fig. 7 NH3-TPD spectra of ZrO,@C-X catalysts.
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Fig. 8 Pyridine infrared of ZrO,@C-X catalysts.
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Fig. 9 TG analyses of ZrO,@C-X catalysts.

As for the isomerization reaction, the acid sites play an
important role in the catalytic performance. So, the acidic
property of ZrO,@C-X catalysts are studied by NH;-TPD exper-
iments. The results in Fig. 7 show that the catalysts calcined at
different temperature have diverse acidic sites. In general, the
acidic sites are divided into weak, medium and strong acidic
sites corresponding to the NH; desorption temperature at the
range of =200 °C, 200-350 °C, =350 °C, respectively. The
ZrO,@C-400 catalyst exhibiting different NH; desorption
profiles results from the decomposition of organic ligand. For
other calcined -catalysts, the higher calcined temperature

15938 | RSC Adv, 2023, 13, 15934-15941
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Table 2 The contents of Zr in ZrO,@C-catalysts

Content of Zr

Catalyst in catalyst, wt%
Zr0,@C-400 18.01
Zr0,@C-500 20.67
Zr0,@C-600 27.65
Zr0,@C-700 34.70
Ui0-66 37.52
cis-2-butene g
1-butene

trans-2-buten§eM .

Scheme 2 The double bond isomerization of 2-butene to 1-butene.
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Fig. 10 (a) Catalytic performance of ZrO,@C-X catalysts for the
isomerization of 2-butene, (b) stability test result of ZrO,@C-500.

decreases the content of weak acid species, where ZrO,@C-500
catalyst owns the highest amount of weak acid sites. Mean-
while, ZrO,@C-500 catalyst exists obvious medium strong
acidic species at around 400 °C. And the NH; desorption curve
at higher than 450 °C is due to the pyrolyzation of residual
organic ligand. For ZrO,@C-600 and ZrO,@C-700 catalysts, they
present more strong acidic species at temperature higher than

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Products distribution of the isomerization of 2-butene on ZrO,@C-X catalysts (under the reaction conditions of 390 °C and 48 h1)

Product ZrO,@C-400 ZrO,@C-500 ZrO,@C-600 ZrO,@C-700 Ui0-66
<C3 3.55 2.10 32.46 47.63 2.23
Isobutene 0.76 0.11 0.35 0.38 0.12
>C5 7.12 3.76 1.48 0.96 5.53
1-Butene 88.57 94.03 65.71 51.03 92.12

450 °C, which is attributed to the decrease content of encap-
sulated carbon.

According to the results of pyridine infrared (Fig. 8), the
prepared ZrO,@C catalysts retain a large number of UiO-66
organic ligands (terephthalic acid) when the -calcination
temperature is below 400 °C, resulting in a total acid content
higher than that of the catalyst calcined at 500 °C or above. For
the Zr@C-500, Zr@C-600 and Zr@C-700 catalysts, it is inferred
that the B acid plays a major role in the reaction due to its high
total acid content and high B/L in Zr@C-500. Both organic (such
as C-O or C-C, etc.) and inorganic (such as Pd or Zr, etc.) sites
can be the activity sites,”** just as the ZrO,@C catalysts in this
work.

This phenomenon is further confirmed by TG analysis in
Fig. 9. The ZrO,@C-400 catalyst exhibits 53.6% weight loss due
to the decomposition of unpyrolyzed ligand. The weight loss
remarkably descends to 24.9% and 20.3% for ZrO,@C-500 and
ZrO,@C-600 catalysts. Therefore, ZrO,@C-500 catalyst
possesses more carbon content than that in ZrO,@C-600 and
ZrO,@C-700 samples, which cover more strong acidic species
by the encapsulated structure.

The contents of element Zr in ZrO,@C-catalysts are deter-
mined by ICP as shown in Table 2. The contents of zirconium
element increase with the increase of calcination temperature,
indicating that more organic ligands are burned off as the
calcination temperature increases.

The catalytic performance of resultant catalysts was per-
formed in the isomerization of 2-butene to 1-butene under the
reaction conditions of 390 °C and 48 h™", which was optimized
in our previous work with a similar MOF-derived catalyst.* Both
cis-2-butene and trans-2-butene might be converted to 1-butene
as shown in Scheme 2. The yield of reference catalyst UiO-66
was declined 2% in 300 minutes, while conversion and selec-
tivity on the ZrO,@C catalysts had no obvious change in the
equally reaction time. All the catalysts performance reaction
time were 300 minutes referenced to UiO-66. As shown in
Fig. 10a, the conversion of 2-butene increases along with the
calcination temperature, which might be due to the exposure of
more strong acidic sites on the catalysts, as verified by the NH;-
TPD results. However, the selectivity of 1-butene appears
volcanic shape, in which ZrO,@C-500 catalyst shows the best
selectivity, achieving 94.0% conversion and 35.1% yield of 1-
butene, better than the yield of 18-20% in the reported litera-
ture [8-14], which is ascribed to the exposure of suitable acidic
species by encapsulated carbon and relatively high surface area.
Moreover, the product distribution demonstrates that the
stronger acidic sites in ZrO,@C-600 and ZrO,@C-700 catalysts
lead to the cracking of 2-butene to the by-product of C3

© 2023 The Author(s). Published by the Royal Society of Chemistry

component (Table 3), which further explains the high selectivity
of ZrO,@C-500 catalyst. In addition, ZrO,@C-500 catalyst also
displays good stability in the 300 min test (Fig. 10b), coming
from the unique structure of ZrO,@cC.

4 Conclusions

The ZrO,@C-X catalysts are fabricated from the UiO-66(Zr)
precursor which are calcinated at various temperature under
N, atmosphere. The catalysts with carbon encapsulated ZrO,
particles are characterized or evaluated using combined tech-
niques, including XRD, SEM, TEM, XPS, FT-IR, TG, ICP, Py-IR
and a fixed-bed reactor. Experimental findings indicate that
the ZrO,@C-X catalysts exhibit different catalytic performance
while it is calcined at various temperatures. The catalyst
ZrO,@C-500 shows the best catalytic performance for the
isomerization of 2-butene to 1-butene, namely, 94.0% conver-
sion of 2-butene and 35.1% yield of 1-butene. The reason can be
ascribed to the suitable acidic sites and high surface area in
ZrO,@C-500 which are beneficial for the isomerization reac-
tion. In sum, this work provides a novel strategy to design high-
activity acidic catalyst for the isomerization of 2-butene to 1-
butene. The approach is expected to be applied to the synthesis
of other acid catalysts.
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