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ARTICLE INFO ABSTRACT

In this work, different metal ions (AI**, Cr®*, Fe**, Co®*, Zn?*, Ni®*) were supported on a hollow nano-MgF,
to catalyze gas-phase dehydrofluorination of 1,1,1,3,3-pentafluoropropane (HFC-245fa) to 1,3,3,3-tetra-
fluoropropene (HFO-1234ze). The support, hollow nano-MgF, prepared by a polyol mediated sol-gel method
possesses large surface area (127 ng’l) and mesoporous structure (12nm) with weak Lewis acidity after
calcination at 350 °C. The catalysts were characterized by TEM, XRD, BET, NH3-TPD, EDX, pyridine-IR and XPS.
The physicochemical characterization showed via simple impregnation with different metal ions, the textural
and surface acidic properties of hollow nano-MgF, were tuned, while the hollow nanosphere structure were
maintained. The introduction of Al on hollow nano-MgF, has resulted in higher catalyst activity and selectivity to
desired product, trans-1,3,3,3-tetrafluoropropene (HFO-1234ze(E)) than the other catalysts due to its largest
surface area and numerous Lewis acid sites. The combination of the results of acidic properties and activity
testing showed that the number of medium acid sites appeared to have a linear influence on the activity of
hollow nano-MgF, supported catalysts. The highest activity with HFC-245fa conversion of 54% and 82% se-
lectivity to HFO-1234ze(E) was obtained at 280 °C on hollow nano-MgF, supported 9 mol.% Al catalyst (9%Al/
nano-MgF,), which also exhibited almost constant catalytic performances over 200 h. Surface Al species of Al/
nano-MgF, catalysts were identified, including AI(OH),F,/AlO,Fy, B-AlF; and a-AlF;. The relative abundance of
Al(OH),F,/AlOF, species was found to be highly correlated with the catalyst activity. The catalytic perfor-
mances of 9%Al/nano-MgF, are significantly higher than those of traditional AlF; and fluorinated Cr,O; for gas-
phase dehydrofluorination reactions.
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1. Introduction Recent years, it has been reported that HFO-1234ze can be con-

veniently prepared by gas-phase dehydrofluorination of 1,1,1,3,3-pen-

Fluorocarbons are indispensable functional chemicals in modern
society as refrigerants, foam-forming agents, aerosol propellant, sol-
vents, etc [1,2]. The evolution of fluorocarbons is motivated by en-
vironmental issues. Chlorofluorocarbons (CFCs), the first generation of
fluorocarbons, have been banned to use by Montreal Protocol due to
their destructive effects on the Earth’s ozone layer. In response to cli-
mate change, hydrofluoroolefins (HFOs) are recently considered as the
new alternatives to CFCs due to their low impacts to environment, such
as low global warming potential (GWP) with zero ozone depletion po-
tential [3,4]. In this regard, 1,3,3,3-tetrafluoropropene (HFO-1234ze),
especially trans-1,3,3,3-tetrafluoropropene (HFO-1234ze(E)), has the
potential to be used as one of the new environmentally-friendly fluor-
ocarbons because of its special physical characteristics with much low
GWP of 6 [5,6].

tafluoropropane (HFC-245fa) over solid acid catalysts [7,8]. This re-
action is typically carried out under high temperature and extreme
corrosive conditions owing to thermodynamically endothermic char-
acteristics and the formed HF [9]. As a consequence, the suitable cat-
alytic materials are usually restricted to metal fluorides and fluorinated
metal oxides, such as aluminum fluoride (AlF3) and fluorinated Cr,O3
(F-Cr,03). Although conventional AlF; and F-Cr,05 are active catalysts
in the dehydrofluorination reactions, fast deactivation can be observed
in these catalysts due to severe coke deposition on the strong acid sites.
To improve the catalytic performance, Pd and Ni as the promoter are
introduced into AlF; and F-Cr,O3 catalysts, respectively [7,8]. How-
ever, satisfiable catalytic stability for industrial application still is not
achieved. In view of intrinsically strong Lewis acidity, it is not a readily
available process to tune finely the surface acidity of AlF; and F-Cr,03
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catalysts. The air has to be added into the reaction system to prolong
the catalytic stability. For instance, Ha et al. has reported that F-Cr,03
catalyst displays a relative steady activity over 50 h TOS at 1,1,1,2,3-
pentafluoropropane/air = 10.0 (v/v) [10]. One US patent [11] also
disclosed that a stable activity for F-Cr,0O5 catalyst was achieved over
360 h TOS when air (3% O, based on the HFC-245fa volume) was co-
fed with HFC-245fa into the reactor. Nevertheless, the addition of air
could lead to low selectivity, potential security problems and extra cost
for separation. For these reasons, the design and fabrication of new
catalyst materials is an urgent need for the preparation of HFOs by
dehydrofluorination reactions in commercial processes.

Magnesium fluoride (MgF,), characteristic of high chemical inert-
ness in harsh conditions and weak acid centers, make it an excellent
catalytic support [12]. Over the years, MgF, as the support has been
studied extensively in CI/F exchange, hydrogenation, hydrode-
chlorination, hydrodesulfurization, photodegradation, ammoxidation,
alkylation reactions, etc [12-20]. Regarding its weakly acidic surface
[12], it is speculated that tuning finely the surface acidity by impreg-
nation with different metal cations could be more feasible over the
MgF, supported catalysts in comparison with the AlF; and F-Cr,O3
catalysts. Unfortunately, to our knowledge, few academical articles
have been reported on the gas-phase dehydrofluorination reactions
over the MgF, supported catalysts. Very recently, Luo et al. has in-
vestigated the commercial MgF, supported catalysts in HFC-245fa de-
hydrofluorination, and found that pure commercial MgF, exhibited
poor activity in this reaction and introducing V can improve the catalyst
activity [21]. It is assumed that the poor textural stability at elevated
temperature limits the application of MgF, supported catalysts in the
high-temperature reactions. MgF, prepared by conventional liquid/gas
—phase fluorination exhibits much low specific surface area (< 50
ng’l) [22,23]. In general, it is an established fact that a support
material provides a high surface area and a well-developed mesoporous
structure which is essential for achieving a superior dispersion of active
components and to favor the diffusion of reactants and products
[24,25]. As a result, a number of new approaches have been developed
to synthesize MgF, with high surface area (HS-MgF5, 70 ~300m? g~ 1),
including fluorolytic sol-gel, thermal decomposition of trifluoroacetate
salts, SiO,-template fluorination, microemulsion method etc
[23,26-29]. Although these HS-MgF, as supports or catalysts have
shown excellent performance for synthesis of many fine chemicals
[27,30], the microstructural stability of MgF, at elevated temperature
(= 350°C) is not substantially improved [22,31]. For example, the
specific surface area of amorphous HS-MgF, decreases significantly
from ~300 to ~40m?g~! after calcination at 400 °C for several mins
[22,23,28,31]. Therefore, for industrial applications in some high-
temperature reactions, the development of novel HS-MgF, with ex-
cellent thermostability to fabricate appropriate catalysts is highly de-
sirable but still remains a great challenge.

Recently, we have reported the preparation of crystalline nano-AlF;
with high surface area by a polyol mediated sol-gel process [32], which
exhibited excellent stability towards elevated temperature. In this
process, the residual O derived from minor hydrolysis can resist the
sintering of as-prepared metal fluorides under high-temperature treat-
ment. Using the same methodology, crystalline nano-MgF, with hollow
structure can be also prepared. The nanometer-sized hollow structure
makes this material suitable for a wide range of applications, such as
drug carriers, gas absorbents, catalytic materials, coating materials, and
antireflective lenses [33,34]. More importantly, this hollow nano-MgF,
is heat-tolerant to some extent, which displays a large specific surface
area of 127 and 104 m*g~! even after calcination at 350 and 400 °C,
respectively, for 5h. In view of aforementioned advantages, the hollow
nano-MgF, might be a good support for catalytic dehydrofluorination
reactions.

In this work, we present a study on the catalytic behaviors of a series
of hollow nano-MgF, supported catalysts (M/nano-MgF,, M = AI**,
cr3*, Fe*, Co®*, Zn?", Ni**) for gas-phase dehydrofluorination of
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HFC-245fa. The present work aims to verify the feasibility of MgF,
supported catalysts as an alternative to the current AlF; and F-Cr,O3
catalysts in dehydrofluorination reactions. Especially, in view of in-
creasingly strict environmental regulations, developing non-chromium
catalysts based on the nano-MgF, is favorite in the F-industries nowa-
days. The hollow nano-MgF, supports were synthesized by a polyol
mediated sol-gel method. It is expected that the impregnation with
aforementioned metal ions could fabricate the hollow nano-MgF, sup-
ported catalysts with controlled surface acidity. And then the re-
lationship of catalytic behavior and surface acidity was investigated in
detail. Using FT-IR spectra of pyridine adsorption and NH3-TPD we
have been able to measure the acidic properties of different hollow
nano-MgF, supported catalysts. Furthermore, these catalysts were also
characterized by XRD, EDX, TEM and BET method to address crystal,
compositional, morphological, and textural changes, respectively.

2. Experimental
2.1. Preparation of hollow nano-MgF, supports and catalysts

The hollow nano-MgF, support was synthesized according to a
polyol mediated sol-gel method [32]. Briefly, commercially available
magnesium nitrate hexahydrate (Mg(NO3)>6H>0, 99.9%) and poly-
ethylene glycol (PEG2000) (Mw = 2000, 99.9%) were firstly dissolved
in ethylene glycol (EG) (CoHgO2, 99.9%) under stirring at 60 °C; the
concentration of [Mg“] was 0.5 M and the mass ratio of PEG2000/EG
was 1:10. Then, an aqueous solution of hydrogen fluoride (40 wt.%)
was added stepwise into above solution under rigorous stirring for 6 h;
hydrofluoric acid solution was used in the amounts enabling to result in
1:4 for Mg/F molar ratio. The as-prepared transparent and colourless
sol was aged overnight at room temperature, and then transferred to an
oven at 90 °C for 24 h to allow the formation of transparent wet gel.
Finally, white gel powder of MgF, was obtained by drying the wet gel at
150 °C for 8 h.

The hollow nano-MgF, supported by different M (M = AI**, Cr®™,
Fe3*, Go®*, Zn®?", Ni®*) catalysts were prepared by the incipient
wetness method. Firstly, the gel powder of MgF, (8.0-10.0 g) was im-
pregnated by an ethanol solution of the corresponding metal nitrate
hydrate (99.9%) with a desired amount. Unless otherwise stated, the
content of the metal ions in the ethanol solution was adjusted to giving
the final calculated metal loading 6 mol.% in the catalyst. Because of
difference on solubility, the amount of ethanol solvent varied among
3.0-6.0 g so as to make different metal salts be dissolved. The prepared
sample was aged overnight, then dried at 90 °C for 12h, and finally
calcined in air at 350 °C for 5 h with a heating rate of 1.5 °C min~". For
the sake of comparison, the unsupported MgF, catalysts were also
prepared in the same way. All the raw materials were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China).

2.2. Catalytic reaction

The gas-phase dehydrofluorination of HFC-245fa (99%) provided by
Xi’an Modern Chemistry Research Institute, was carried out at 280 °C
under atmospheric pressure using a fixed-bed stainless steel reactor
(1.0 cm inner diameter). Before reaction, 5 ml of prepared catalyst was
loaded into the reactor and pretreated in N at 280 °C for 0.5h. Then
the N, flow was stopped and HFC-245fa (0.05 mL/min) regulated by a
high pressure constant flow pump (ELITE, P230II) was introduced into
the reactor. The organic material was preheated in a vaporizer at 300 °C
before being introduced into reactor. All pipes were heated by elec-
tricity and maintained at 45 °C to avoid the condensation of HFC-245fa.
After the reaction the product gas was passed through a KOH solution to
trap acid gases, then the gaseous products were analyzed by a gas
chromatograph (SICT GC-2000III) equipped with a flame ionization
detector (FID) and a GS-GASPRO capillary column (60 m X 0.32 mm).

The conversion of HFC-245fa and product selectivity was calculated
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as defined:

HFC-245fa conversion = (HFC-245fa;, — HFC-245fa,)/HFC-245fa;,
X 100%

iselectiviy = lout/ (HFC-245fa;, — HFC-245fa ) X 100%

Where i is HFO-1234ze(E) or HFO-1234ze(Z).
The activities of the catalysts were expressed as apparent rate (r,) or
intrinsic rate (r;) calculated by the following equations:

r, = FX HFC-245fa conversion/m_,,.

r; = Fx HFC-245fa conversion/mc, /Scat.

Where activity (reaction rate) is given in mmolh~'g~' or mmol

h~'m™2, F is the molar flow rate of HFC-245fa (mmol h ™ 1), mc,, is the
amount of catalysts (g), Sca. is the surface area of catalysts (m? g_l).

2.3. Characterization

The specific surface area, total pore volume and the pore size dis-
tribution of the samples were measured by N, physisorption at 77 K
using Micromeritics ASAP 2020, determined by Brunauer-Emmett-
Teller (BET) and Barret-Joyner-Halenda (BJH) desorption equation.
Before the measurement, the samples were degassed at 250 °C for 10 h.
X-ray diffraction (XRD) analyses were performed to detect the crystal-
lized phases of the catalyst. The data were obtained using an Empyrean,
PANalytical X-ray diffractometer equipped with Cu Ko radiation
(A = 1.54056 10\) at room temperature. The range of 26 was 5°~90°
with a step size of 0.02°. To determine the component in the catalyst
along the surface cross-section, the signals of surface elements were
detected by the energy-dispersive X-ray spectroscopy (EDX) (Oxford
INCA Energy IE350) mapping method. The particle size and mor-
phology of samples were observed using a transmission electron mi-
croscope (TEM, FEI Tecnai G2 F20, operated on 200 kv). The tem-
perature-programmed desorption of ammonia (NH3-TPD) measurement
was carried on an AutoChem II 2920 instrument (Micromeritics, USA)
for comparing the acidity of various samples. In a typical NH3-TPD test,
0.1 g of sample was heated to 500 °C for 2h in an Ar flow in a quartz
reactor. After the temperature cooled to 110 °C in Ar, the sample was
exposed to a NHz-He (5% NH3) mixture for 60 min to allow the NHj
adsorption to complete. Then pure He was fed into the reactor for 2h to
purge physically absorbed and free NH;. After that, the sample was
heated to 500 °C at a ramping rate of 10 °Cmin ! under He flow. The
desorbed NH; was monitored by a mass spectra detector. The FTIR-
photoacoustic spectroscopy of chemisorbed pyridine (Py-IR) was used
to determine the nature of the acid sites (Lewis (L) and Brensted (B)
acid sites) by a PerkinElmer FT-IR Frontier spectrometer and a self-
supported wafer of sample. The sample was pretreated at 350 °C for 1 h
under vacuum prior to pyridine adsorption. Pyridine was adsorbed at
room temperature from an argon flow for 0.5 h. Then, the samples were
heated to 200 °C and evacuated to remove physisorbed and weakly
chemisorbed pyridine. X-ray photoelectron spectroscopy (XPS) was
used to analyze the change of the coordination state of surface element
measured by Thermo Scientific K-Alpha equipment. The binding energy
values were corrected for charging effect by referring to the ad-
ventitious Cls line at 284.8 eV.

3. Results and discussion
3.1. Characterization of hollow nano-MgF, supported catalysts

3.1.1. Structural and textural properties of the catalysts

To determine the nano structures of as-prepared MgF, particles in-
cluding pure and supported by different metal after calcination at
350 °C, TEM analysis was conducted (Figs. 1,2). The images (Fig. 1a)
show that the pure MgF, particles are well-defined hollow nanospheres,
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and the average diameter of nanospheres is 6.3nm with the shell
thickness of 1.7 nm. The high resolution TEM (HRTEM) results (Fig. 1b
and c) for pure MgF, particles exhibit that the identified lattice spaces
of 0.227, 0.262 and 0.326 nm correspond to (111), (101) and (110)
facets, respectively, of MgF, [31,35], indicating the polycrystalline
structure of prepared MgFs. Fig. 2 shows the representative TEM images
of different metal-supported MgF, particles. As shown in Fig. 2a and b,
the morphologies of Al/nano-MgF, and Cr/nano-MgF, are similar to
that of pure hollow nano-MgF,. This means that the impregnation of
hollow nano-MgF, with AlI** and Cr®* lead hardly to the significant
change of hollow nano-structures. Furthermore, from the TEM images
of Al/nano-MgF, and Cr/nano-MgF,, there is neither obvious interface
between above active components and MgF, particles nor obvious ag-
gregation of active components occurring. However, the average dia-
meter and the shell thickness of nanospheres increase slightly to 6.7 and
1.72nm in above samples. These results indicate that above active
components are highly dispersed on the hollow nano-MgF, even during
the thermal treatment at elevated temperature. As revealed in Fig. 2¢c—f,
the hollow nano-structures are also maintained in Zn/nano-MgF,, Fe/
nano-MgF,, Ni/nano-MgF, and Co/nano-MgF,, and the nanoparticles
with new morphologies are not observed. Although the average dia-
meter of nanospheres varies slightly from 6.3 to 6.7 nm in Zn/nano-
MgF,, Fe/nano-MgF, and Ni/nano-MgF,, the average diameter of Co/
nano-MgF, increases remarkably to 8.7 nm. This means that the im-
pregnation of hollow nano-MgF, with Co®* results in the sintering of
nanoparticles during the calcination process. In addition, the TEM-EDX
mapping results (Supporting Information, Fig. S1) also clearly show
that the elements Al, Cr, Zn, Fe and Ni, respectively, spread evenly in
the whole nanoparticles, while partial aggregation can be observed for
elemental Co in Co/nano-MgF,. This result reveals that the elemental
Co can be not highly dispersed on hollow nano-MgF-.

The crystal structures of pure hollow nano-MgF, and various M/
nano-MgF, were determined by XRD. It can be seen from Fig. 3 that all
these samples show the diffraction peaks at 27.3°, 35.3°, 40.4°, 43.7°,
53.5°, 56.2°, 60.8° and 63.7°, corresponding to the characteristic dif-
fraction peaks of MgF, with rutile phase (JCPDS-41-1443) [36]. No
diffraction peaks assigned to corresponding metal fluorides or oxides of
supported metal are detected in all the samples. On basis of the TEM
and TEM-EDX elemental mapping results, the elements Al, Cr, Zn, Fe
and Ni, respectively, are highly dispersed on hollow nano-MgF,, which
may account for no XRD diffraction peaks of these active components.
Furthermore, Table 1 shows that the contents of supported metal de-
tected by SEM-EDX (Fig S2) are much lower than the calculated
loading, which can be attributed to active components loss during the
preparation of catalyst. This is another possible reason for no diffraction
peaks of these metal species. Especially, for Co/nano-MgF,, the content
of Co detected by the SEM-EDX analysis is only 1.0 mol.%. The low
content is responsible to no diffraction peaks of Co species in Co/nano-
MgF,, although partial aggregation can be observed for elemental Co
from the TEM-EDX elemental mapping results.

To determine the textural properties of different M/nano-MgF,
catalysts, N5 physisorption experiments were implemented. As shown
in Fig. 4a, all the samples exhibit type IV isotherms with type H2
hysteretic loops at high relative pressure according to the IUPAC clas-
sification, which is indicative of the presence of mesopores [26]. The
H2 hysteresis loops at high relative pressure (0.8-1.0) are usually ob-
served in the aggregate of particles with slit pores, which agree well
with the TEM results. Moreover, the hysteresis loop of Al/nano-MgF,
sample shifts to a lower relative pressure in contrast to other samples,
implying a decline of the pore sizes. Based on the desorption branch of
the isotherm, the pore size distribution was calculated by the BJH
method. The results (Fig. 4b and c) display that all the samples contain
narrow distribution of mesopores with a pore size of 7-12nm. The
mesoporous structure is vital to eliminate mass transfer resistance of
reactants in and out of catalyst. Although no remarkable change occurs
in the shape of isotherms after the introduction of different active
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Fig. 1. Typical (a) TEM and (b, ¢) HRTEM images of pure MgF, nanoparticles.

components on hollow nano-MgF,, the pore size decreases to some
extent over various metal-supported hollow nano-MgF,. The textural
properties were calculated and are summarized in Table 1. According to
BET date given in Table 1, the BET surface area of hollow nano-MgF, is
127 m? g~ ! after calcinated at 350 °C, which is much higher than that of
traditional MgF, (< 50 m?g~!) [22,23]. The BET surface area is also
larger than those of HS-MgF, prepared by SiO-template fluorination
(92 ng_l) [23] and thermal decomposition of trifluoroacetate salts
(125m?g~ ') [28]. HS-MgF, prepared by fluorolytic sol-gel exhibits
larger BET surface area than hollow nano-MgF,, but its BET surface area
decreases to 81 ng_l after treatment at 300 °C [26]. On the other
hand, the BET surface area can be remarkably increased to 176 m*g~*
after the addition of AI>* on hollow nano-MgF,. Fe/nano-MgF, sample
also displays a slightly higher BET surface area than hollow nano-MgF,.
With the impregnation of Cr®*, Zn®>* and Ni*>*, the BET surface area
decreases a bit to 100~120m?g~'. Notably, the BET surface area
decreases significantly to 51 m?g~! after introducing Co®** on hollow
nano-MgF,. From the TEM analysis, high dispersion of Al species is
achieved on hollow nano-MgF,, which is contributed to the large total
surface area of Al/nano-MgF,. Except Co/nano-MgF,, the fluctuation of
BET surface area on variant M/nano-MgF, can be probably attributed to
the difference on the intrinsic BET surface area of different active

602

components, although they are highly dispersed on hollow nano-MgF,.
In comparison with other M/nano-MgF,, partial aggregation of Co
species and much larger particles are observed in Co/nano-MgF,, re-
sulting in the lowest BET surface area among the prepared catalysts.

3.1.2. Acidic properties of the catalysts

Surface Lewis acid sites are believed as active sites for gas-phase
dehydrofluorination reactions [37,38]. Thus, to clarify the nature of
acid sites (Brgnsted or Lewis) for M/nano-MgF, catalysts, IR absorption
of adsorbed pyridine was performed. Pyridine adsorbed on Lewis acid
sites (L-Py), yields two bands at ~1445 and ~1610cm™~' whereas
Brgnsted acid sites (B-Py) are usually observed at ~1545 and
~1640cm™! [23]. As shown in Fig. 5, a weak absorption band at
1446 cm ! is observed in hollow nano-MgF,, implying the number of
Lewis acid sites is limited on this sample. Wojciechowska et al. have
revealed that crystalline MgF, hosts weak acid centers [12], which is
supported by our results. By contrast, after introducing AI** and Cr®™*
on hollow nano-MgF,, the intensity of absorption band at 1446 cm ™" is
significantly enhanced. This indicates that a large amounts of Lewis
acid sites are present on Al/nano-MgF, and Cr/nano-MgF, samples. For
Zn/nano-MgF,, Fe/nano-MgF, and Ni/nano-MgF,, the intensities of
coordinated Py on Lewis acid sites at 1610 and 1446 cm™! are also
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Fig. 2. TEM images of various M/nano-MgF, catalysts. (a) Al/nano-MgF,, (b) Cr/nano-MgF,, (c) Zn/nano-MgF.,, (d) Fe/nano-MgF,, (e) Ni/nano-MgF, and (f) Co/

nano-MgF,.

enhanced to some extent. Nevertheless, Co/nano-MgF, displays similar
IR spectrum to hollow nano-MgF,, implying the number of Lewis acid
sites is not improved after the addition of Co on hollow nano-MgF.. In
addition, the absorption band at 1545cm ™! is not observed in each
sample, which have shown that all the prepared catalysts possess no
Brgnsted acidity.

The total amount and the strength of acid sites for the hollow nano-
MgF, supported catalysts were determined by NH3-TPD analysis. As
seen in Fig. 6, a broad desorption peak of NH; appears in the tem-
perature range from 130 to 350 °C on hollow nano-MgF». The maximum
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desorption peak centers around 190 °C, corresponding to weak acid
sites, and a shoulder desorption peak corresponding to medium acid
sites is also observed at 250 °C. The addition of AI** into hollow nano-
MgF, leads to a shift of the NH; desorption profile to a higher tem-
perature (290 °C), indicating surface acidity is enhanced. However, the
desorption profiles are similar for Cr/nano-MgF,, Zn/nano-MgF,, Fe/
nano-MgF,, Ni/nano-MgF, and hollow nano-MgF, samples. This in-
dicates that distribution of acid sites is not changed significantly after
introducing Cr®*, Zn?*, Fe®>* and Ni2* on hollow nano-MgF,. Notably,
introducing Co®* on hollow nano-MgF, results in the reduction of the
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Fig. 3. XRD patterns of hollow nano-MgF, supported catalysts.

MS signals of NH; desorption peaks. As shown in Table 2, the total acid
amount follows the decreasing order of Al/nano-MgF, > hollow nano-
MgF, > Cr/nano-MgF, > Zn/nano-MgF, = Fe/nano-MgF, = Ni/nano-
MgF, > Co/nano-MgF,. As expected, the addition of Al** leads to the
increase of the total amount and the strength of acid sites for hollow
nano-MgF,, which can be ascribed to strong acidic properties of AI**
itself and improved surface area of catalyst. Interestingly, the total
amount of acid sites for hollow nano-MgF, is not improved after the
addition of Cr®*, which may be due to its relative lower surface area
than pure hollow nano-MgF,. It is noteworthy that the number of Lewis
acid sites is enhanced after the addition of Cr®" from the result of IR
spectrum of pyridine chemisorption. Similar phenomena can be also
observed in the Zn/nano-MgF,, Fe/nano-MgF, and Ni/nano-MgF,. To
gain more insight, a semiquantitative comparison of the acidic dis-
tribution is performed by fitting the NH3-TPD curves using the Gaussian
deconvolution method. Except Co/nano-MgF,, the number of medium
acid sites is enhanced over the other M/nano-MgF, catalysts, which is
coinciding with the increased number of Lewis acid sites. Indeed, pyr-
idine is a strong base which is not adsorbed on acid site with weak
strength. According to the TEM and BET results, the amount of acid
sites for Co/nano-MgF, is much low owing to its large particle size,
which results in few exposed surface acid sites.

3.2. Catalytic acitivity of hollow nano-MgF, supported catalysts

3.2.1. Effect of supported metal

To investigate the effect of supported metal on the catalytic dehy-
drofluorination, HFC-245fa conversion, catalyst activity and HFO-
1234ze selectivity over different catalysts are displayed in Table 3.
Owing to limited Lewis acid sites, hollow nano-MgF, is not active in this
reaction with a small conversion of HFC-245fa. Al/nano-MgF, exhibits
the highest activity among the tested catalyst with regard to HFC-245fa

Table 1
Chemical composition and textural properties of the M/nano-MgF, catalysts.
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conversion and apparent reaction rate (r,), which is probably related to
its numerous Lewis acidity. Concerning intrinsic reaction rate (r;), Cr/
nano-MgF, is the most active catalyst, but in comparison with Al/nano-
MgF,, the lower BET surface area and acidity amount restrict its ap-
parent activity. Although the catalyst activity is also enhanced after
introducing Zn?>*, Fe®* and Ni>* on hollow nano-MgF,, their apparent
activities are lower than those of Al/nano-MgF, and Cr/nano-MgF,. Co/
nano-MgF, displays much poor catalytic activity, which is even lower
than hollow nano-MgF,. This can be due to the lowest BET surface area
and acidity amount of Co/nano-MgF, among the prepared catalysts. To
gain a better understanding of how the Lewis acidity responds to cat-
alyst activity, the apparent reaction rate is correlated with the number
of medium acid sites for different M/nano-MgF, catalysts (Fig. 7). Ac-
cording to the results of acidic properties of catalysts, the increased
Lewis acid sites over metal-supported hollow nano-MgF, mainly cor-
respond to the number of medium acid sites determined by NH3-TPD.
As shown in Fig. 7, an almost linear relationship is obtained between
the amount of medium acid sites of M/nano-MgF, and apparent activity
of catalyst. The largest amount of medium acid sites can be observed
over the Al/nano-MgF, catalyst, corresponding to the optimal catalytic
activity.

On the other hand, HFO-1234ze(E) and HFC-1234ze(Z) are the
major products in the gas-phase dehydrofluorination of HFC-245fa, and
the total selectivity to HFO-1234ze almost reaches to 99% over each
catalyst except over Co/nano-MgF,. However, it must be emphasized
that HFO-1234ze(E) is commercially more valuable than HFO-1234ze
(Z) now. With regard to selectivity of HFO-1234ze(E), Al/nano-MgF,
and Cr/nano-MgF, exhibit the highest catalytic performance among the
tested catalysts. The variation of the distribution of cis, trans-isomers
for HFO-1234ze is similar to the trend of catalyst’s apparent activity.
The best selectivity to HFO-1234ze(E) is also achieved over Al/nano-
MgF,. Accordingly, it is reasonable to hypothesize that the medium acid
sites of hollow nano-MgF, supported catalysts are responsible for the
transformation of HFC-245fa to HFO-1234ze(E).

3.2.2. Effect of Al loading and catalyst stability

Comprehensively, Al/nano-MgF, was selected as the optimized
catalyst for our reaction system. To clear up the influence of AI**,
which exhibited the best activity for HFC-245fa dehydrofluorination
over hollow nano-MgF, supported catalysts, the Al/nano-MgF, catalysts
under different Al loading (calculated loading from 3 mol.% to 12 mol.
%) were also prepared and tested in this reaction. As shown in Fig. 8,
the HFC-245 conversion grows from 23% to 54% with the increase of Al
content from 3mol.% to 9 mol.%, then decreases slightly to 53% for
12%Al/nano-MgF,. Furthermore, as shown in Fig. S3, the r, also in-
creases from 2.53 to 4.97 mmol g~ ' h™! with the Al loading increasing
from 3 mol.% to 9 mol.% and further addition of Al content leads to the
r, decreasing. A similar volcano plot between medium acidity amount
of Al/nano-MgF, and Al loading is also observed with maximum
centred at Al loading of 9 mol.%. This result suggests further that there
is a close relationship between catalytic activity and medium acidity

Catalyst Supported metal loading (mol.%)" Specific Surface area (m?g~")" Total pore volume (cm®g~1)° Average pore size (nm)
hollow nano-MgF, - 127 0.27 10.7

Al/nano-MgF, 1.3 176 0.42 6.8

Fe/nano-MgF, 2.2 131 0.39 8.4

Cr/nano-MgF, 2.8 105 0.31 8.7

Zn/nano-MgF, 1.0 117 0.36 9.0

Ni/nano-MgF, 2.3 113 0.40 9.9

Co/nano-MgF, 1.0 51 0.37 12.2

@ Determined by the SEM-EDX analysis.
> BET method.
¢ Determined by N, volume adsorbed at p/po = 0.99.
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Fig. 4. N, adsorption—desorption isotherms (a) and pore size distributions (b, ¢)
for hollow nano-MgF, supported catalysts.

amount of nano-MgF, supported catalysts. However, the selectivity of
HFO-1234ze(E) varies very small among 81% ~ 82% over different Al/
nano-MgF, catalysts, independent of the Al loading. The observed cat-
alytic performances indicate that the 9%Al/nano-MgF, is the best active
catalyst for gas-phase dehydrofluorination in our study. It is noteworthy
that in the case of 9%Al/nano-MgF,, the HFC-245fa conversion of 54%
is much higher than those of traditional F-Cr,053 (conv. of 34.5%) and
AlF;3 catalysts (conv. of 20%) at the same temperature reported by Luo
et al. [7]; This conversion and the selectivity of HFO-1234ze(E) are also
close to the values (conv. of 60.9% with selectivity of 83% to HFO-
1234ze(E)) over their optimal Ni modified F-Cr,O3 (15NiO/Cr,03)
catalysts. Consequently, our results confirm that the hollow nano-MgF,
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Fig. 5. IR spectra of pyridine adsorbed on hollow nano-MgF, supported cata-
lysts.
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Fig. 6. NH3-TPD profiles of hollow nano-MgF, supported catalysts.

supported Al catalysts exhibit the great potential as an alternative to the
traditional F-Cr,03 and AlF; catalysts in dehydrofluorination reactions.

The catalyst deactivation is the most troublesome problem in the
gas-phase dehydrofluorination reactions at this moment. To examine
the long-term behavior of catalyst under high HFC-245fa conversion,
the activity of the 9%Al/nano-MgF, catalysts for gas-phase dehydro-
fluorination was tested at 350 °C with the LHSV (HFC-245fa) of 0.6 h~!
and the results are given in Fig. 9. High conversion is desirable in in-
dustry, which can reduce the circulation of material so as to save costs.
Thus, the long-term behaviors of catalysts in the gas-phase dehydro-
fluorination reactions are usually performed at relative high tempera-
ture to obtain high conversion [7,8,10]. In the initial 48 h, the HFC-
245fa conversion went down slightly with time from ~90% to ~88%,
then the conversion slowed down and leveled off at 87% ~ 88% over the
rest of 200 h. The selectivity to HFO-1234ze(E) always maintained a
high level at 82% ~ 84%. Surprisingly, the 9%Al/nano-MgF, catalysts
presented good stability as reaction time went on among 200 h TOS,
showing no deterioration in both conversion and selectivity. As de-
scribed in Introduction, traditional AlF; and F-Cr,Os3 catalysts exhibit
poor stability in this reaction, and the HFC-245fa conversion decreases
remarkably within 24 h [7,8,10]; Even modified by Pd and Ni, tradi-
tional AlF3 and F-Cr,03 based catalysts are still not stable over 100 h
TOS. Although Luo et al. recently has reported that commercial MgF,
supported V catalyst exhibits good catalytic stability over 70h TOS
[21], they also point out that vanadyl fluorides are volatile and thus the
catalyst stability during a long-term test could be a problem due to
potential active component losing. Nevertheless, taking account the
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Table 2
Acidity amounts of hollow nano-MgF, supported catalysts.

Catalyst Total acid Weak acid sites” Medium acid sites
sites” (mmol g~ 1) (mmol g~ 1)
(mmol g~ %) (~190°C)
(~250°C) (~310°C)
Al/nano-MgF,  0.25 0.115 0.087 0.048
Cr/nano-MgF, 0.18 0.074 0.106 -
Zn/nano-MgF, 0.16 0.074 0.086 -
Fe/nano-MgF, 0.16 0.071 0.089 -
Ni/nano-MgF, 0.16 0.079 0.081 -
Co/nano- 0.12 0.072 0.048 -
MgF,
Pure nano- 0.19 0.129 0.061 -
MgF,

2 Estimated from the integrated area under the MS signal curve of desorbed
NHa.

" Calculated by the deconvoluted Gaussian lines from the normalized deso-
rption peaks of NH3-TPD profiles.

Table 3
Gas-phase dehydrofluorination of HFC-245fa over hollow nano-MgF, supported
catalysts®.

Catalyst Conv. of Activity Sel. (%)
HFC-245fa
(%) Ia I HFO- HFO-
(mmol (mmol 1234ze(E) 1234ze(2)
h—lg—l) h—lm—z)
Al/nano- 421 4.10 0.023 81.7 18.3
MgF,
Cr/nano- 36.0 3.53 0.034 81.5 185
MgF,
Zn/nano- 35.4 3.50 0.030 79.6 20.3
MgF,
Fe/nano- 27.2 2.00 0.015 79.9 20.0
MgF,
Ni/nano- 25.9 2.14 0.019 78.2 18.9
MgF,
Co/nano- 4.0 0.37 0.007 68.3 24.5
MgF,
Pure nano- 7.9 0.66 0.005 74.2 25.8
MgF,

@ Reaction conditions: T = 280°C, LHSV (HFC-245fa) = 0.6h™!, atmo-
spheric; data were collected after 200 reaction minutes.

4.5
Al/mmo’-MgF2
4.0 - 1
Zn/nano-MgF, Cr/nano—Mng/ .
3.5+ ] ] e
3.0 1 L
I,i‘) 251 Ni/nano-MgF, e
g a - Fe/nano-MgF,
E 201 [
E L
o 1.5 . P
1.0 L 4
7 m hollow nam)-MgF2
054 . ’.
Co/nano-MgF
0.0 . 2 : . . .
0.04 0.06 0.08 0.10 0.12 0.14

Number of medium acid sites (mmol g'l)

Fig. 7. The apparent reaction rates of M/nano-MgF, catalysts as a function of
the number of medium acid sites.

potential difference of experimental setups between the different works
in the literatures, the traditional AlF; and 9%Al/MgF, catalysts were
also tested under the same reaction conditions as those for 9%Al/nano-

606

Applied Catalysis B: Environmental 238 (2018) 599-608
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Fig. 8. Effect of Al loading on catalytic performance of Al/nano-MgF (reaction
conditions: T = 280 °C, LHSV (HFC-245fa) = 0.6 h ™!, atmospheric).
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X » —o— Conv. of HFC-245fa
T —o— Sel. of HFO-1234ze(E)
60
50 4 T T T T T
0 50 100 150 200

Time on stream (h)

Fig. 9. Time on stream behavior of 9% Al/nano-MgF, catalysts in dehydro-
fluorination of HFC-245fa (reaction conditions: T = 350°C, LHSV (HFC-
245fa) = 0.6 h ™!, atmospheric).

MgF,. Wherein, the traditional AlF; was prepared according to the
method reported by Luo et al [8], and the traditional MgF, was pre-
pared by reacting aqueous HF with MgO slurry in water and used as the
support to prepare the 9%Al/MgF, catalysts. The long-term catalytic
performances of these traditional catalysts are shown in Fig. S4. The
TOS results display clearly that the catalytic lifetimes of traditional AlF;
and 9%Al/MgF, are much shorter than that of 9%Al/nano-MgF,, al-
though the initial HFC-245fa conversion are close on these catalysts. It
should be noted that in terms of apparent reaction rate, the initial ac-
tivity of 9%Al/nano-MgF, (8.5mmol h™!g™!) is superior to those of
the traditional AlF; (6.2mmol h™?! g_l) and 9%Al/MgF5, (5.6 mmol
h~'g™1). Furthermore, 9%Al/nano-MgF, also exhibits higher se-
lectivity to HFO-1234ze(E), targeted product than the traditional cat-
alysts regardless of reaction time. Concerning the catalytic behavior
comprehensively, the 9%Al/nano-MgF, catalysts is much better than
above traditional catalysts. Indeed, as revealed from the characteriza-
tion results, the large surface area, mesoporous structure and medium
acidity might exert a significant effect both on the catalytic activity and
stability of Al/nano-MgF, catalysts. Combined with the results of cat-
alyst activity, we could conclude that the hollow nano-MgF, supported
Al catalyst is a very good sign of its applications in the F-industry,
especially for the gas-phase dehydrofluorination reactions.
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Table 4
Peak deconvolution results of Al 2p XPS spectrum for different Al/nano-MgF,
catalysts.

Sample B. E. for Al 2p (eV)

Al(OH),F,/AIOF,  P-AlF; a-AlF,

3%Al/nano-MgF,
6%Al/nano-MgF,
9%Al/nano-MgF,
9%Al/nano-MgF, (used)
12%Al/nano-MgF,

74.2 (16.9%)"
74.3 (27.1%)
74.7 (34.4%)
75.0 (36.3%)
75.0 (41.3%)

75.4 (48.5%)
75.5 (44.0%)
75.7 (31.8%)
76.0 (37.1%)
76.0 (42.7%)

76.9 (34.6%)
76.4 (28.9%)
76.6 (33.8%)
76.7 (26.6%)
76.9 (16.0%)

2 Content of Al species in brackets.

Counts (s)

Binding Energy (eV)

Fig. 10. XPS spectra of the Al 2p core-level for Al/nano-MgF, catalysts with
different Al loading and used 9%Al/nano-MgF,.

3.3. Possible active species of Al/nano-MgF, catalysts

Based on above results, it is well recognized that Al/nano-MgF, is an
active and stable catalyst for dehydrofluorination reactions, and its
catalytic performance depends on the loading of Al. However, from
TEM (Fig. S5) and XRD (Fig. S6) analyses, no remarkable change in the
morphology and bulk structure is observed for variant Al/nano-MgF»
catalysts with the Al loading from 3%-12%. The hollow nanosphere
structure and the diffraction peaks of MgF, display in each sample. The
TEM-EDX mapping results (Fig. S7) also reveal that the element Al is
highly dispersed on nano-MgF, even at high Al loading. Based on above
results, it can be concluded that the hollow nano-MgF, promote the
dispersion of Al species under a broad range of Al loading. As shown in
Table S1, increasing the Al loading, the BET surface area varies very
small for different Al/nano-MgF, catalysts except 3%Al/nano-MgF,, and
the particle size also varies slightly among 6.7-7.9 nm for these sam-
ples. Nevertheless, it should be noted that the acidity amount changes
obviously with the increase of Al loading, which affects strongly its
catalytic properties as revealed in abovementioned description. What is
not known, however, is the Al species at the surface of the hollow nano-
MgF,. To determine the nature of Al species active in dehydro-
fluorination reactions, XPS spectra were used to identify the surface Al
species of different catalysts. As shown in Fig. 9, the Al 2p XPS spectra
are similar in variant Al/nano-MgF, catalysts with the Al loading from
3% ~12%, indicating surface species are similar over these samples.
Considering the high corrosion of HF formed in the reaction, the Al 2p
XPS spectrum of 9%Al/nano-MgF, reacted after 8 h was also detected.
By comparison, there is no significantly change for Al 2p XPS spectrum
between the fresh and used 9%Al/nano-MgF, catalysts. This can be
ascribed to the formation of relative stable Al species at harsh condi-
tions in the fresh catalyst. Each XPS spectrum of Al 2p on the Al/nano-
MgF, catalysts can be deconvoluted into three peaks at about
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74.2-75.0, 75.4-76.0 and 76.4-76.9 eV, which can be assigned to Al
(OH)Fy/AlOFy, B-AlF; and a-AlFs;, respectively [39-41]. The XPS data
obtained by applying a peak-fitting program are listed in Table 4. In-
terestingly, the content of AI(OH)F,/AlO,F, increases with the en-
hancement of Al loading, the trend of which broadly coincides with the
trend of catalytic activity except for 12%Al/nano-MgF,. Hence, surface
AI(OH),F,/AlO4F, can be considered as the main active species in Al/
nano-MgF, catalysts for dehydrofluorination reactions. Considering the
difference on catalytic activity and content of Al species, the structure
of AI(OH),F,/AlOF, species formed on catalyst could be different be-
tween 12%Al/nano-MgF, and other Al/nano-MgF, catalysts. However,
the exact nature of Al species active in this reaction needs further
studying by in-situ characterization and theoretical chemistry (Fig. 10).

4. Conclusions

Overall, a series of hollow nano-MgF, supported catalysts (active
component: A", Cr®*, Fe**, Co®*, Zn?*, Ni2") were prepared and
used for gas-phase dehydrofluorination of HFC-245fa. The support,
hollow nano-MgF, was prepared by a novel polyol mediated sol-gel
method, which displayed a large specific surface area of 127 m*g~!
even after the high-temperature treatment of 350 °C, making it as a
suitable catalytic support for gas-phase dehydrofluorination. The in-
troduction of different metal on hollow nano-MgF, leads to the varia-
tion of the textural and surface acidic properties of catalysts, although
each metal is highly dispersed on this material. The activity and se-
lectivity of hollow nano-MgF, supported catalysts have been shown to
be influenced by the number of the Lewis acid sites and the surface area
of catalysts. Our results indicate that the presence of Al on the hollow
nano-MgF, is best for catalytic transformation of HFC-245fa to HFO-
1234ze(E), which can be due to its largest surface area and Lewis
acidity amount among the prepared catalysts. The optimized Al/nano-
MgF, catalysts with an Al loading of 9 mol.% achieve the best catalytic
performances in a HFC-245fa conversion of 54% with a selectivity of
82% to HFO-1234ze(E) at 280 °C, the results of which are similar to the
traditional F-Cr,O; based catalysts. More importantly, over 200h
tested, the 9%Al/nano-MgF, shows almost constant catalyst activity
and selectivity to HFO-1234ze(E), which seems to meet the industrial
applications in the gas-phase dehydrofluorination reactions for pro-
duction of HFOs.
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