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Abstract

Antimony pentafluoride (Shff/porous metal fluorides (PMF) were prepared by impregnating PMF withsSa@il then fluorinating with
anhydrous hydrogen fluoride (AHF). It demonstrates excellent activity in vapor-phase catalytic fluorination and overcomes such drawbacks as
hygroscopicity, corrosion and toxicity that appear while Slas used alone. Furthermore, SMF was characterized by means of X-ray
diffraction, X-ray photoelectron spectroscopy, BET surface area measurement and SEM. Its catalytic activity was evaluated for vapor-phased
fixed-bed catalytic fluorination.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction quite an important role. They exchange halogens for fluorine
under much milder conditions than with anhydrous hydrogen
Being widely used for pharmaceuticals, agrochemicals, fluoride along8,9].
liquid crystals and chlorofluorocarbons (CFCs) alternatives  Traditionally, Cr-based catalysts have been used in indus-
due to their unique properties, the organo-fluorine com- try for production of CFCs and hydrofluorocarbons (HFCs)
pounds have become very importghf]. Efforts have been  [10-13] However, some chromium compounds have been
focused on synthesizing organo-fluorine compounds at low proven to be carcinogens, and the chromic acid or chromate
cost. The fluorinated compounds can be prepared through asalts constitute industrial hazafdg]. Thus, tofind areplace-
wide variety of chemistries, such as the fluorination of hy- ment for the Cr-based catalyst has come to be an issue. Anti-
drocarbons using gaseous fluorine diluted with an inert gas,mony pentafluoride (Shfr has been recognized as a power-
the selective fluorination of substrates absorbed on porousful oxidant, a fluorination reagent and a fluorination catalyst
materials by gaseous fluorine, and catalytic fluorination for for halogen-exchange. It was also considered to be a candi-
halogen-exchange by anhydrous hydrogen fluoride (AHF). In date for replacing the Cr-based catalyst in halogen-exchange.
the catalytic process for preparation of organo-fluorine com- However, it is very difficult to handle Skfpractically, since
pounds, the key reactions involve halogen addition and ex- it fumes strongly in the moist air due to its hygroscopic prop-
change in the vapor-phase or liquid-ph&3]. Until now, erty[15-17]
one of the most important methods for producing organic  In our laboratory, the research has been concentrated on
fluorine compounds has been the reaction of organic halo-the synthesis and characterization of porous metal fluorides
gen derivatives and AHF with antimony fluorides (Swarts’ (PMF) with a large surface area. A series of inert metal fluo-
reaction)[5—7]. In this method, the antimony catalysts play rides, such as porous aluminum fluoride (PAF), porous mag-
nesium fluoride (PMgF), porous calcium fluoride (PCF) and
* Corresponding author. Tel.: +81 298 4771; fax: +81 298 4771. porous chromium fluoride (PCrF), have been prepared and
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diffraction (XRD)[18-20] which exhibit excellent chemical to the vaporizer in vapor-phase. The product stream from
stability in corrosive media and thermo-stability. the reactor was scrubbed withp8 at 60°C, then passed
In an effort to improve the properties of ShbBnd de- through a drier packed with Cag land finally, analyzed by
velop its application, Sbg] the precursor of Shf; was a Shimadzu GC-14 A on-line. The capillary column was a
absorbed to the above-mentioned inert porous metal fluo-Pora plot Q with 0.32mm i.d. and 25m length from J&W
rides, then treated with anhydrous hydrogen fluoride (AHF) Scientific Inc. The column was programmed as follows: the
in vapor-phase. Eventually, SkOh PMF was fluorinated initial temperature was set at 8G for 15 min; then the tem-
and changed into SBFSbF; and PMF were combined much  perature was increased at the rate of @0min, and finally,
closer through the fluorination process. More importantly, to 200°C and held for 5min. The instrumental parameters
the prepared SEFPMF not only keeps the activity of SbF were set up as follows: both injection port and TCD de-
but also overcomes the drawbacks of §t#uch as hygro-  tector, 200C; the carrier gas rate, 10 énte/min. In or-
scopicity, corrosion and toxicity. The said process made the der to calculate the conversion of @El, and the yield
application of Sbg more easy, especially as a fixed-bed cat- of CH,FCI and CHF», their GC relative response factors
alystin halogen-exchange reactid®], and as afluorinating  (CHxF2:CH2FCI:.CH,Cl, =1:1.23:1.67) were usdd?2]. The
reagent in organic synthegl]. products were determined by comparing their NMR patterns
with those of authentic samples.
The BET surface area and the pore volume of the catalyst
2. Experimental were determined by means of low temperature adsorption of
nitrogen using a Micromeritics ASAP 2010 instrument. The
The catalyst support, like PAF and PCrF, was able to sample was degassed under vacuum at80@r 3 h before
be prepared by different methods. For example, D-PAF measurement.
was prepared by the following procedure: 30 ml of IH NMR and1°F NMR of substrates and products were
Al>,0O3 was packed into an Inconel reactor 14 mm in diam- analyzed by a INM-EX270 (JEOL, 270 MHz) spectrometer
eter and 300 mm in length, dried with,N200 ml/min) at at 25°C with Me4Si and CFC, respectively, as internal ref-
300°C for 4 h, then activated with a mixture stream of AHF erences in CDGlsolvent.
(200 ml/min) and N (300 ml/min) at 300C for 16 h. Then X-ray diffraction was employed to determine the bulk
the pure AHF was passed through the reactor for 2 h. The crystalline phase of samples. The pattern of samples was
prepared PAF was used as the support of catalyst. H-PAFrecorded by a Mac Science MPX-18 diffractometer. X-ray
was prepared by heating AJBH,O at 300°C for 10 h. W- diffraction was measured by using CaK(0.1542 nm) radi-
PAF was obtained from the reaction of8l; with aqueous ation and the X-ray tube was operated at 40 kV and 150 mA.
HF at 90°C for 3h. PCrF were prepared by the reaction of X-ray photoelectron spectroscopy (XPS) spectra of sam-
porous chromium oxide and AHF at 300 accordingto our  ples were taken by an ESCA 5400 electron spectrometer
reported methodg0,22] equipped with an Mg Kk operated at 300 W. The detector
A typical process of preparing Spfbased catalyst and conditions: pas& 35.5eV, 0.1 eV per step, detecting angle
fluorination of dichloromethane is described as follows: 45°. No special treatments were applied to the samples in the
about 259 of SbGl was dropped gradually into 40g UHV chamber. All binding energies were referenced to the
PMF under nitrogen atmosphere. Then SiRMF was C (1s) peak at 284.6 eV.
charged to the above-mentioned Inconel reactor and dried
at 100°C for 3h in the presence of nitrogen. AHF di-
luted by nitrogen was passed through the reactor af@00 3. Results and discussion
(N2:AHF =100:100 ml/min) for 2h; then pure AHF was
passed at the rate of 200 ml/min for 3 h. Finally, the residual ~ The procedure for preparing SYPMF and its applica-
AHF in the reactor was purged by,Nor 10 h. The prepared  tion are shown below:

catalyst, SbEfPMF, was stored in plastic or glass bottles. ShCL
5

The apparatus for the preparation and the evaluation of R-X R-F
catalyst consists of two mass flow controllers (one is for N ALF N HE
and the other for AHF) and an electrically heated tubular SbFs/PMF
Inconel reactor (14 mm in diameter and 300 mm in length) TN
equipped with an inside Inconel tube for inserting type-K R-X

PMEF: Porous metal fluorides R-F

thermocouples with a 1 mm diameter. A thermocouple was

loaded into the reactor through a type-Monel CAfOitting SbR/PMF possesses a multi-functional character. Itis an
and penetrated to the whole of the catalyst bed to measureexcellent fluorination reagent in halogen-exchange reaction
the temperature distribution along the reactor. While running independently. In addition, it can be used as a fixed-bed
the fluorination of dichloromethane, dichloromethane was catalyst in vapor-phase catalytic fluorination. When used for
fed into the reactor via a vaporizer by a Masterflex (Cole- fluorination reaction, SbfPMF is a much more convenient
Parmer Instrument Co.) metering pump. AHF was supplied reagent than Shfbecause of simplification of the handling.
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Another great advantage of SBPMF is the possibility 3.2. Application of Sb§#PMF

of working in glass apparatus as a fluorination reagent in

atmospheric environment. There is no appreciable corrosion As a fixed-bed catalyst, SBFPAF was used to prepare
on the surface of glass when SiFAF is stored in a glass HFC-32 from CHCI,. The reaction was operated continu-

bottle. The reaction mechanism in the presence ofGHVF ously for about 48 h from 270C to 360°C. The reaction (ata
is classified into catalytic fluorination as shown below. set temperature) continued for 5 h to be stabilized and to take
. Cls|
\ \@I,' ANC]
—/C—C| + SbFy/PMF —> 7C\\ L SbF, | >C—F + SbFs,Clx
N ‘g /PMF /PMF
AHF

the data on-line. The results are showirig. 3andTable 2
3.1. Characterization of SKFPAF which indicates that CpCl, is easily transformed to CiF,

in the presence of SBAPAF. In the range of reaction temper-

SbFs/PAF was investigated in terms of a typical reagent. atyre higher than 330, the conversion of CyCl, and the

The surface area and the pore volume of the prepared reagefgelectivity of CHF» does not change so much, which is at-
decreased with the increase in the amount ofs3tifSorbed.  triputed to the fact that the reaction is close to equilibrium. In
While the surface area of PAF is 92.68fg with 20Wt.%  order to decrease the coke formation on catalyst surface and
SbCk to PAF, the surface area decreased to 72/8M  extend the life span of the catalyst, the reaction temperature
and with 50 wt.% SbGlto PAF, it decreased to 53.0%g. is strictly controlled below 300C.
The pore volume of SHPAF decreased to 0.31mlig and  Three kinds of PAFs with different surface area and pore
0.21ml/g from 0.35ml/g, respectively. It is suggested that gjstribution were prepared and used as the support o.SbF
the pores of PAF were occupied by $tind part of the sur- |y the reaction to prepare Gy, the pore distribution and
face area and the pore volume decreased. pore diameter of PAF have a great effect on the activity of

X-ray powder diffraction indicates that the prepared catalyst. The larger surface area of SBFAF results in the
SbFs/PAF has almost the same crystalline phase with PAF higher catalytic activityj19].

when the amount of Sb€to PAF is around 20 wt.%. A new In addition, some fluorinated compounds are prepared

crystalline phase appears on the surface ofsBYF inad-  from corresponding chlorinated compounds in the pres-

dition to a typical PAF when the amount of S PAF in-

creased to 50 wt.% to PAF(g. 1). It might be that the small

amount of SbE was intercalated into the lattice of PAF.
X-ray photoelectron spectroscopy was applied to identify

the chemical state of elements in SHPAF. The F 1s spectra (@)

(Fig. 2a) reveal that the binding energy of F in PAF, PAF B

treated by gaseous fluorine and SBAF are 686.5 eV, which

indicates the binding energy of F—Al is similar to that of F—Sb.

XPS spectra iffrig. 2b show that the binding energy of Al in

three kinds of samples are about 76.2 eV, which means that

the chemical state of Alin PAF is not significantly affected by (b)

chemical environment, even though the PAF has been treated

by gaseous fluorine and SkQ@r SbFs. XPS spectra of Sb 3d A

indicate that the peak at 531.3eV is a typical character of

Sb3d Fig. 2c). Combining the characterization results of

PAF, PAF treated by gaseous fluorine and $BAF, it is not

difficult to conclude that the amount of oxygen in SHFAF

can be neglected despite the fact that the position of binding

energy of O 1s and Sb 3d is the almost same. Furthermore, 20 40 60

XPS analysis indicated that no chlorine exists in SBAF, Two Theta (degree)

which means all chlorine was replaced by fluorine in the

reaction of SbGJ/PAF with AHF. Fig. 1. XRD spectra of PAF and SBiPAF.
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Fig. 2. (a) XPS spectra of F in PAF, PAF treated byafd Sbis/PAF. (b)
XPS spectra of Al in PAF, PAF treated by Bnd Sbs/PAF. (c) XPS spectra
of Sb 3d in PAF, PAF treated by,Fand Sbis/PAF.

ence of SbE/PAF via a vapor-phase fluorination with hy-

drogen fluoride. The yields of the products were calcu- 33g
lated based on the amount of the products after the reac-360

tion run 6 h. In the entries 1 and 2 fable 1 the products
were mainlytrans CRsCH=CHCI andtrans CFsCH=CHF,
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Table 1
Fluorination of chlorinated compounds with AHF in the presence oSt
PAF

Entry Substrate Reaction tempe-Product Yield (%)
rature (C)
1 CCkLCHCHCl, 316 CRCH=CHCI 552
CRCH=CHF 61
2 CCkLCHCHCl, 334 CRCH=CHCI 759
CRCH=CHF 83
3 CRCH=CHCI 303 CRCH=CHF 388
CRCHCHR, 446
4 CRCH=CHCI 350 CRCH=CHF 632
CRCHCHR, 278
5 CH;OCFR,CR,CI 200 CHOCOCRCI 67.0
6 CH;OCR,CR,CI 300 CHOCOCRCI 1

a From 1 to 2, HF 300 ml/min, CGCH,CHCI, 0.15 ml (liquid)/min, cat-
alyst 10 ml, reaction contact time 1.9 s, reaction run 6 h; from 3 to 4, HF
300 ml/min, CECH=CHCI (vapor-phase) 50 ml/min, catalyst 10 ml, reac-
tion contact time 1.7 s, reaction run 6 h; from 5 to 6, substrate 2.0 mmol,
reaction time 2 h; Sb wt.% 6.5 in the S{iPAF. The yield of products was
determined byH NMR and°F NMR.

respectively. Only a trace amount ct-CFRCH=CHCI and
cis=CRCH=CHF were formed. This is ascribed to the fact
that the Sb in Lewis super acid (SY)Fwithdrew the Cl in
—CHCb and promoted the elimination of hydrogen chloride
to form intermediate, CGCH=CHCI, which was then trans-
formed to CRCH=CHCI or CRsCH=CHF through the reac-
tion with HF. For entries 3 and 4 ifiable 1 the reaction of
CFR3CH=CHF with HF occurred to produce GEH,CHR,, a
prime candidate of CFCs alternatijeg]. In entries 5 and 6
in Table 1, Sbks/PAF works as a Lewis super acid and coordi-
nate to halogen atom to polarize thecarbon more positive
in ether. Nucleophilic attack of a trace amount of hydroxide
anion to thex-carbon gives intermediate fluoroalcohol, and
the removal of HF from this intermediate forms egg&i].

The effect of the amount of Sb in SHIPAF on the catalytic
activity was investigated as well. In the process of preparing
CHyF2 from CH,Cl» in the presence of 10 ml Sb-PAF
catalyst, the reaction was operated for 10 h in the following
conditions: AHF 300 ml/min, CbCl, 0.3 ml/min, reaction
contact time 1.6 s, reaction temperature at abouf82@ he
yields of CHF,; were 37.9%, 49.7% and 61.0% when the

Table 2
Fluorination of CHCl, with AHF in the presence of SBFPCrP
Reaction Products Yield
temperature°C) sel. (%) (%)
CH2F2 CH2C|F Conversion of CH2F2 CH2C|F
CHCl3 (%)
245 84.2 15.8 78.7 66.3 13.3
270 84.6 154 82.5 69.8 12.7
300 84.4 15.6 84.4 71.2 13.2
84.2 15.8 86.2 72.6 13.6
83.3 16.7 86.3 71.9 14.4

@ HF 300 ml/min, CHCI, 80 ml (vapor-phase)/min, catalyst 10 ml, CT
1.58s.
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Fig. 3. Fluorination of dichloromethane

Sbh wt.% were 3.0, 4.9 and 6.5, respectively. The results in-
dicate that the increase of the amount of Sb inSHBRF is
advantageous to the catalytic activity.

When the prepared SBPAF containing about 20% SkF
were immersed in water for 24 h, no obvious leaching of anti-
mony occurred from the reagent. Moreover, itwas dried in the
reactor under nitrogen flow at 20Q for 3 h and used for the
vapor-phase reaction of GBI, with AHF. The catalyst still
kept high activity with about 70% conversion of @€l and
80% selectivity of CHF», which indicates that SBAPAF has
an excellent resistance to hydrolysisd. 3). Related litera-
ture reports that SlFcan be intercalated easily in the lattice
of graphite simply by heating a mixture of Sh&nd graphite
at 110°C for a few dayq24]. After intercalation, no anti-
mony salt could be extracted from the intercalate, even with
HCI-HNOs. In our catalyst, Sbimight be intercalated into
the lattice of PMF, which is similar to graphite, under vapor-
phase fluorination reaction at high temperature. In addition,
SbFs/PAF exhibits an excellent thermo-stability; it can be
used up to 360C without serious loss of the catalytic activ-
ity although the antimony pentafluoride is relatively volatile,
since its boiling point is only 141C.

Porous chromium fluoride, one of PMF, was also em-
ployed as the support of SbFThe ways to prepare
SbF5/PCrF and Sb§/PAF are quite similaf22]. The ob-
tained SbE/PCrF was applied to vapor-phase fixed-bed cat-
alytic fluorination in preparing Chf». The resultsTable 9
indicate that Sb&PCrF is also an excellent catalyst for the
fluorination of CHCl».

In summary, SbG| as the precursor of SgFwas ab-
sorbed to the inert porous metal fluorides, and then treated
with AHF in vapor-phase. The approach is facile and eco-
nomical since Shkis prepared from the reaction of SBCI
and HF in a special Al vessel, which is fitted with an
Al reflux condenser kept at-45°C [25]. Furthermore,
SbF; is too viscose to combine with support homoge-

with AHF in the presence of;HP/&F.

neously. More importantly, the prepared SBFMF not
only keeps the activity of Sk but also overcomes the
drawbacks of Shf; such as hygroscopicity, corrosion and
toxicity.
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