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Abstract

New aliovalent-doped chromium oxide and fluoride catalysts have been prepared by coprecipitation techniques to obtain solid
The catalysts have been characterized by, e.g., X-ray, BET, and pyridine adsorption analysis, and tested for their catalytic activity
phase reaction of C2Cl4 with HF. The latter reaction involves several consecutive steps and produces the expected C2HClxFy (x + y = 5)
compounds, but also some perhalogenated compounds the formation of which needs further explanation. Reaction data obta
(Cr,Mg)(F,OH)x catalyst were used to calculate reaction rates and activation energies of all the consecutive steps which could be su
used to predict the reaction outcomes under varying experimental conditions.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A wide range of solid catalysts is in use for hetero
neously catalyzed fluorination reactions. Oxides, oxofl
rides, and fluorides of aluminium and chromium are suita
fluorination catalysts [1,2]. The catalyzed halogen excha
reactions involve Cl/F exchange [Eq. (1)], hydrofluorinatio
[Eq. (2)], dismutation [Eq. (3)], and isomerization [Eq. (4

(1)R–Cl+ HF → R–F+ HCl,

(2)X2C=CX2 + HF→ X2HC–CFX2 (X = halogen),

(3)2CCl2F–CClF2 → CCl3–CClF2 + CCl2F–CF3,

(4)CHF2–CHF2 → CH2F–CF3.

Dehydrohalogenation reactions, which can be regarde
the back reaction of (2), might principally also be cons
ered. Usually, all these processes start with the respe
oxides as catalyst, although it has been proven that the
ide materials become at least partially fluorinated by
haloalkane in the course of the activation [3–7]. It is furth
more reported, that partial substitution of the metal ca
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affects the catalytic properties. Hence,γ -alumina has bee
modified with alkali [8,9] and alkaline earth [10] meta
and with d-elements [11–15]. Chromia, modified with zi
nickel, or magnesium by means of an impregnation te
nique, has been investigated recently [16]. Zinc is descr
to generate enhancedly catalytic surface sites, althoug
bulk structure of the chromia host is not affected. The o
metals like nickel and magnesium are reported not to ex
this special effect, which is in agreement with reports
other authors [17,18]. Since most of these catalysts were
pared by impregnation techniques, it is very difficult to dr
decisive conclusions about the real catalytic phases for
at the surface. For a deeper understanding, the formatio
solid solutions (e.g., by coprecipitation) as long as it res
in homogeneous solid solutions allows a better assignm
of the observed effects. However, for some systems solid
lutions cannot be formed even by employing coprecipita
methods because this mainly depends on the intrinsic p
erties of the system itself.

Among the above noted halogen exchange reaction
transformation of C–Cl bonds into C–F bonds by flu
rination of respective chlorinated alkanes is one of
most important industrial reactions because this invo
the large-scale production of hydrofluorocarbons (HFC
which are the replacements of ozone depleting chlorofl
rocarbons (CFCs). Compared to CFC production, HFC

http://www.elsevier.com/locate/jcat
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thesis is more complicated. One of the reasons for sig
cantly more complicated reaction systems is the instab
of hydrogen-containing haloalkanes against ethylene for
tion by splitting off HX. There are three interesting C2-
HFC series: C2H3Y3−xXx , C2H2Y4−yXy , and C2HY5−zXz
(Y = Cl, X = F, x = 0–3,y = 0–4,z = 0–5). For the syn-
thesis of CH3CF3 (HFC-143a) and CH2FCF3 (HFC-134a),
respectively, the mechanistic pathway of these catalytic
actions has been investigated in detail [19,20]. It was sh
that, starting with the respective chloroethylenes, the
action system consists of competitive Cl/F exchange and
dehydrohalogenation/hydrohalogenation reactions. Henc
olefin formation is a crucial step in these reactions. Ho
ever, no comparable investigations of the reaction cours
the C2HY5−zXz series has been done by now.

Hence, this paper deals with the study of new aliovale
doped chromium oxide and fluoride catalysts, which
used in the catalytic fluorination reaction of tetrachloroeth
ene by gaseous HF to obtain derivatives of the C2HY5−zXz

series. The formation of C2Y6−zXz series products was als
investigated.

2. Experimental

The oxide samples were prepared by adding a 3 M N3 ·
H2O solution to the aqueous solutions of the correspo
ing metal nitrates (Cr and V) or chloride (Zr) to a pH val
of 8 to 9. After ageing at about 90◦C for 1 h, the precipi-
tants were filtrated and washed with deionized water, d
at 80◦C overnight, and then calcined at 300◦C for 8 h un-
der N2. Before the catalysis tests, oxide samples were flu
nated in situ. The samples (0.5–0.8-mm particles) were
pretreated at 300◦C under N2 for 0.5 h and then fluorinate
at 400◦C in gas mixture of 7.0 ml/min HF and 6.3 ml/min
N2 for 2 h. All the characterizations were performed on
partially fluorinated samples. The oxide catalysts were d
ignated CrOx and CrMOY, respectively (M= doping metal,
V or Zr; Y = mol% of doping metal).

The (Cr,V)(F,OH)x and (Cr,Zr)(F,OH)x fluoride samples
were prepared by adding the ethanolic solution of chrom
nitrate into 40% HF aqueous solution in which appropri
amounts of ZrO(NO3)2 · xH2O or V2O3 were predissolved
After stirring for 0.5 h, the precipitants were filtrated a
washed with a small amount of deionized water and etha
dried at room temperature, and then calcinated at 42◦C
(2 ◦C/min from room temperature to 420◦C) for 2 h in
N2 under a self-generated atmosphere. The (Cr,Mg)(F,Ox
fluoride samples were prepared by adding the ethanolic
lution of chromium and magnesium nitrates into 40%
aqueous solution as described previously [21]. Before ca
ysis experiments were run, all samples (0.5- to 0.8-mm
ticles) were first pretreated in situ at 300◦C under N2 for
0.5 h and then fluorinated at 400◦C in a gas mixture of
7.0 ml/min HF and 6.3 ml/min N2 for 2 h. The fluoride
catalysts were designated (Cr,M)(F,OH)x/Y (M = doping
metal; Y= mol% of doping metal).

X-ray powder diffraction characterization was carried
XRD 7 Seiffert-FPM with Cu-Kα radiation. BET surface
area and desorption pore volume distribution were meas
on a Micrometrics ASAP 2000 analyzer using N2 as the
adsorbent. Fluoride content was determined as previo
described [22]. The characteristic data for related sam
are summarised in Tables 1 and 2. The number in the sa
name refers to the molar percent of the doping metal.

FT-IR photoacoustic pyridine adsorption spectrosc
(pas) was done as follows. About 80 mg sample was
treated at 150◦C under a nitrogen flow of 35 ml/min for
15 min, and then 60 µl pyridine was injected to the sa
ple tube. The sample was flushed with nitrogen for ano
15 min to remove physisorbed pyridine. A spectrum of
sample was taken at room temperature using an MTEC
and FT-IR System 2000 (Perkin-Elmer). A spectrum of
sample without pyridine absorption was also taken as b
ground.

Temperature-programmed desorption of ammonia (N3-
TPD) was employed for the determination of the stren
distribution of acid sites. About 200 mg sample (0.
0.5-mm diameter fraction) was pretreated under nitro
(35 ml/min) at 400◦C for 1 h, then cooled to 120◦C, and
then exposed to NH3. The physisorbed ammonia was r
moved over 1 h at 120◦C. After cooling to 80◦C, the TPD
program (10◦C/min, up to 460◦C, keeping 30 min) was
started. The desorption of ammonia was monitored by c
tinuously running IR spectroscopy (FT-IR System 20
Perkin-Elmer).
Table 1
Composition, specific surface area, and intensity of photoacoustic pyridine adsorption (pas) band at 1452 cm−1 for fluorinated oxide catalysts

Catalyst Composition F content (%) Surface area (m2/g) Intensity of pas band

CrOx CrO1.04F0.92 20.38 152 9.4
CrVO5 Cr0.95V0.05O1.11F0.78 17.58 231 11.7
CrVO10 Cr0.90V0.10O1.13F0.75 16.94 177 9.0
CrVO15 Cr0.85V0.15O1.18F0.65 14.85 171 10.5
CrVO30 Cr0.70V0.30O1.14F0.72 16.37 126 9.7
CrZrO5 Cr0.95Zr0.05O1.19F0.67 14.92 137 10.1
CrZrO10 Cr0.90Zr0.10O1.12F0.86 19.79 127 14.2
CrZrO20 Cr0.80Zr0.20O1.00F1.20 23.17 107 18.0
CrZrO30 Cr0.70Zr0.30O0.95F1.41 25.35 77 17.5
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Table 2
Composition, specific surface area, and intensity of photoacoustic pyridine adsorption (pas) band at 1452 cm−1 for fluoride catalysts

Catalyst F content (%) XRD Surface area (m2/g) Intensity of pas band

Cr(F,OH)x 41.57 Amorphous 8.0 2.9
(Cr,V)(F,OH)x/5 39.99 Amorphous 5.5 1.3
(Cr,V)(F,OH)x/10 40.28 Amorphous 5.6 1.5
(Cr,V)(F,OH)x/26 41.35 Amorphous 7.0 1.9
(Cr,V)(F,OH)x/46 44.85 Amorphous 8.1 –
(Cr,Zr)(F,OH)x/5 39.23 Amorphous 4.1 1.1
(Cr,Zr)(F,OH)x/15 36.53 Amorphous 5.6 2.1
(Cr,Zr)(F,OH)x/30 43.67 Unknown 3.1 1.8
(Cr,Mg)(F,OH)x/60 52.21 MgF2 106 7.9
(Cr,Mg)(F,OH)x/80 54.19 MgF2 106 12.6

Fig. 1. FT-IR photoacoustic pyridine adsorption profiles of chromium oxide catalysts with different dopants.
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Catalytic tests were carried out with the in situ pretrea
samples using a flow reactor (nickel tube). The catalytic
action was investigated using a gas mixture of 1.2 ml/min
C2Cl4 + 7.0 ml/min HF + 6.3 ml/min N2. A contact time
of 10 s was used for the regular test at different temp
tures. The gaseous product mixture was analyzed on-
after passing a solid NaF HF scrubber, by GC-FID wit
10% SE 30 Chromsorb column. In addition, GC-MS a
19-F NMR were used off-line for identification of the b
products. For that, samples were collected by passing
HF-free effluent through an ice-cooled CHCl3/NaF slurry.
The solution obtained was subjected to GC, GC-MS (S
madzu QP 5000, PONA 50 m capillary), and to19F NMR
(BRUKER AX 300, CCl3F extern).

3. Results and discussion

3.1. Partially fluorinated oxide catalysts

3.1.1. General physicochemical properties
X-ray powder diffraction showed that all the samp

were in an amorphous state. As can be seen in Table 1,
ification of chromium oxide with vanadium and zirconiu
resulted in substantial changes in the specific surface a
Samples doped with vanadium had higher specific sur
areas than pure chromium oxide, while the addition of
conium decreased the surface area. However, compar
,

-

.

o

the fluoride catalysts (Table 2), all chromium oxide-ba
catalysts had quite high surface areas and high intens
in the FT-IR photoacoustic spectra of pyridine adsorpt
As shown in Fig. 1, vanadium-doped catalysts had mor
less similar spectra of photoacoustic pyridine adsorptio
that of the undoped chromium oxide, while the spectra
zirconium-doped catalysts showed much higher intensi
1452 cm−1 which is characteristic of Lewis acid sites a
1548 cm−1 which belongs to the Bronsted acid sites. Ho
ever, it is worth noting that pas intensities can be rega
semiquantitatively at its best, despite giving pas intens
in Tables 1 and 2.

Fig. 2. NH3-TPD profiles of selected oxide catalysts.
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Fig. 3. Catalytic property of fluorinated chromium oxide CrOx. (A) Effect of reaction temperatures at a contact time of 10 s. (B) Effect of contact
330◦C.
i-

r-
the

wed
me
f the

um
the
and

.

the
uite
on-
ase
me
f the
and
er-

ed

5

era-

na-

ed a
in

for-
ple
lec-
all
imilar
orp-
s is

res
n in

uch
ox-

is
viz.
Fig. 4. Conversion of C2Cl4 and its selectivity to various HCFCs on fluor
nated CrVOY (Y= 0, 5, 10, 15, and 30) catalysts.

For selected samples, NH3-TPD measurements were fu
ther performed to characterize the strength distribution of
acid sites (Fig. 2). Vanadium-doped sample CrVO5 sho
similar distribution to CrOx, whereas addition of the sa
amount of zirconium decreased the average strength o
acid sites.

3.1.2. Catalytic activities
The catalytic test was first carried out on pure chromi

oxide under different reaction conditions. Fig. 3 shows
effect of reaction temperature at a contact time of 10 s
the effect of contact time at a reaction temperature of 330◦C
on the conversion of C2Cl4 and the product distribution
It can be seen that at 360◦C the conversion of C2Cl4 was
highest reaching 78%, yielding mostly (40%) HFC-125,
highest fluorinated HFC, besides some HCFC-124 and q
a lot CFC-114. With reduced reaction temperature, the c
version decreases, and the selectivity to HFC-125 decre
significantly, too, while less fluorinated compound beca
predominant. Besides reaction temperature, change o
contact time also had an effect on both catalytic activity
selectivity. Longer contact times resulted in higher conv
sion of C2Cl4 and increased formation of higher fluorinat
s

Fig. 5. Conversion of C2Cl4 and its selectivity to various HCFCs on CrVO
at different temperatures.

compounds; however, it was evident that reaction temp
ture had a more profound effect.

Fig. 4 shows the results of the catalytic tests of va
dium-doped samples at a reaction temperature of 360◦C.
It can be seen that increase in vanadium content caus
dramatic decrease in the catalytic activity and likewise
the selectivity toward HFC-125, but an increase in the
mation of lower fluorinated compounds. Only the sam
with 5% vanadium, CrVO5, exhibited conversion and se
tivity similar to those of pure chromium oxide, though
vanadium-doped samples had high surface areas and s
acidities as characterized by photoacoustic pyridine ads
tion. This means that the number of the surface acid site
not the only parameter affecting the catalytic property.

The catalytic behavior of CrVO5 at different temperatu
was also investigated at a contact time of 10 s. As show
Fig. 5, the change in the conversion of C2Cl4 as well as the
selectivity to HFC-125 with reaction temperature was m
more significant compared with that of pure chromium
ide, which indicates that the activation energy on CrVO5
higher than that on CrOx. Under all conditions tested (
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Fig. 6. Conversion of C2Cl4 and its selectivity to various HCFCs o
CrZrOY (Y = 0, 5, 10, 20, and 30) catalysts at different temperatures.

Figs. 4 and 5) there was a substantial formation of fully ha
genated CFCs, mostly of CFC-114a.

The catalytic properties of zirconium-doped samp
were investigated at three different temperatures (Fig
The catalytic activity decreased with increasing zirconi
content, but not so dramatic compared with that of van
um-doped samples. The conversion decreased from 8
50% when zirconium content increased from 5 to 3
though the number of the surface acid sites increased,
The effect of the reaction temperature on the catalytic ac
ity was similar to those observed with pure chromium ox
and vanadium-doped samples, but the selectivity cha
significantly. For example, at a reaction temperature
.

360◦C, the selectivity to HFC-125 on CrZrO5 was on
17% compared with 40% on undoped CrOx, even tho
the conversion of C2Cl4 was also quite high in the forme
case. However, these zirconium-doped samples prod
much more HCFC-123. Thus the sample with 20% zir
nium, CrZrO20, gave 61% selectivity toward HCFC-12
however, with a medium conversion (53%) of C2Cl4, and it
may be a good candidate for the production of HCFC-1
The appreciable selectivity of CrZrO catalyst can be pro
bly attributed to its lower strength of the acid sites as sho
in the NH3-TPD profiles.

3.2. Fluoride catalysts

3.2.1. General physicochemical properties
The composition, surface area, morphology, and Le

acidity of some fluoride catalysts are given in Table 2. S
ilar to undoped Cr(F,OH)x, the vanadium- and zirconium
doped catalysts were also in an amorphous state ex
(Cr,Zr)(F,OH)x/30, and had low surface areas. In contr
(Cr,Mg)(F,OH)x samples with high surface area display
XRD patterns of MgF2 (Fig. 7). However, the diffraction
peaks of (Cr,Mg)(F,OH)x/60 and (Cr,Mg)(F,OH)x/80 are
much broader than those of pure MgF2, indicating that the
crystal size of MgF2 had become much smaller, resulti
in a much higher surface area. This point is further s
ported by the pore-size distribution shown in Fig. 8 on
assumption that the pore size is of the same level as p
cle size. In Fig. 8, MgF2 shows a narrow peak centred
400 Å, while (Cr,Mg)(F,OH)x/80 shows also narrow pea
but with a much smaller size of 35 Å. In the pore-size dis
bution profile of (Cr,Mg)(F,OH)x/60, there is a very broa
peak between 300 and 1500 Å besides the narrow pe
35 Å. Referring to the broad peak of Cr(F,OH)x , it can be
deduced that there is some isolated amorphous Cr(F,Ox

phase in the sample of (Cr,Mg)(F,OH)x/60, while in the
sample of (Cr,Mg)(F,OH)x/80, the chromium species is e
ther dispersed on the surface of MgF2 particle or incorpo-

Fig. 7. XRD patterns of (Cr,Mg)(F,OH)x samples.
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Fig. 8. dV/d logD pore volume distribution of (Cr,Mg)(F,OH)x samples.

Fig. 9. NH3-TPD profiles of Cr(F,OH)x and (Cr,Mg)(F,OH)x/60.

rated into the lattice of MgF2 to form a solid solution, bu
there is no evident shift in the XRD peaks.

As shown in Table 2, V- and Zr-doped chromium fl
oride samples had most probably only small amounts
Lewis acid sites on their surface. On the other hand, (Cr,
(F,OH)x/60 and (Cr,Mg)(F,OH)x/80 show higher intensitie
comparable to that of oxide catalyst in FT-IR photoacou
spectra of pyridine adsorption. NH3-TPD profiles were also
measured for (Cr,Mg)(F,OH)x/60 and Cr(F,OH)x , and they
are shown in Fig. 9. Clearly, (Cr,Mg)(F,OH)x/60 has many
more acid sites than Cr(F,OH)x , and the strength of the acid
ity is also enhanced.

3.2.2. Catalytic activities
The results of catalytic tests for fluoride catalysts

listed in Table 3. Chromium fluoride as well as V- a
Zr-doped catalysts showed relatively low activities beca
of their low surface areas and fewer acid sites. The m
products from these catalysts were the lowest fluorina
HCFC-122 and CCl2CClF, the latter is possibly derived from
HCFC-121. Among the higher fluorinated products CF
113 and CFC-114a were always present; in all experim
the sum of their respective selectivities exceeded the su
the selectivities of the other minor products. As expec
(Cr,Mg)(F,OH)x/60 and (Cr,Mg)(F,OH)x/80 were quite ac
tive, and the main products were higher fluorinated HFC-
and HCFC-124. And most interestingly, they produced
most no CFC-110 series by-products.

3.3. Theoretical calculation

The results of the catalytic measurements indicate tha
fluorination of tetrachloroethylene with HF proceeds via
complex system of consecutive and competitive reacti
Besides the expected HCFC-12X series compounds, c
rofluoroethylene with varying fluorine numbers and cert
amounts of CFC-11X series (which are also observed in
dustrial processes) are also formed (see later). Ignoring t
products, a simplified reaction pathway can be summar
in Scheme 1. The distribution of the products depends
only on the activity of the catalyst, but also on the react
conditions. The highest selectivity to a special product
be possibly obtained by modulating the reaction conditio
5

Table 3
The results of the catalytic measurement for fluoride catalysts

Sample Reaction Conversion Selectivity (%)a

condition (%) CCl2CClF+ 122 113 123 114a 124 12

Cr(F,OH)x 360◦C, 10 s 14 58 8.9 4.5 14 1.5 3.3
(Cr,V)(F,OH)x/5 360◦C, 10 s 7.6 53 7.2 3.2 15 0 5.2
(Cr,V)(F,OH)x/10 360◦C, 10 s 9.1 66 6.2 4.3 8.3 0 3.0
(Cr,V)(F,OH)x/26 360◦C, 10 s 4.6 35 11 0 3.7 0 1.6
(Cr,Zr)(F,OH)x/5 360◦C, 10 s 14 47 14 4.7 14 0 3.2
(Cr,Zr)(F,OH)x/15 360◦C, 10 s 10 68 2.3 9.7 15 0 1.3
(Cr,Zr)(F,OH)x/30 360◦C, 10 s 5.3 54 1.8 7.8 12 0 0
(Cr,Mg)(F,OH)x/60 360◦C, 10 s 78 4.0 1.0 5.9 0 22 67

320◦C, 16 s 69 7.0 1.0 18 0 40 34
320◦C, 10 s 66 8.0 0.8 20 0 44 27
320◦C, 4 s 41 17 0.8 31 8.0 33 11
280◦C, 10 s 36 27 0.4 53 0 18 0.9

(Cr,Mg)(F,OH)x/80 360◦C, 10 s 58 10 1.7 11 0 18 54

a The rest are 112, 121, CCl2CF2; traces of CHClFCClF2 are included in 123; traces of 115 are included in 125.
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Scheme 1. Reaction pathways of the catalyzed fluorination of tetrachloroethylene with HF (bold arrows, probable path; dotted arrow, less probath).
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In order to estimate the influence of reaction temperat
contact time, and HF/C2Cl4 ratio on the distribution of the
products and the conversion of C2Cl4, theoretical calcula
tions were performed on (Cr,Mg)(F,OH)x/60 which pro-
duces almost no by-products.

A mathematical program was applied which has alre
been applied and in detail described for the isomeriza
reaction of CF2ClCF2Cl to CF3CFCl2 that also consists o
a system of equilibrium and consecutive reaction steps [
Using this program and the experimental data obtained
der different conditions (Table 3), one can calculate reac
rates and activation energies of all reaction steps invol
and, consequently, calculate the theoretical product dist
tions at other reaction conditions. In Fig. 10, the compar
of the results of theoretical calculation with the experime
data is shown. Evidently, the theoretical calculation ag
well with the experimental data. From the theoretical ca
lation, it can be seen that at 320◦C and an HF/C2Cl4 ratio
of 6:1, short contact time (< 6 s) favors the formation o
HFC-123, medium contact time (6–16 s) results mainly
HFC-124, and with contact times longer than 16 s, HF
125 becomes the dominant product. The calculation sh
that at constant HF/C2Cl4 ratio, an increase in the rea
tion temperature can be compensated by decreased co
time to get similar product distributions. In addition, the
fluence of the HF/C2Cl4 ratio on product distribution wa
also calculated (Fig. 11). Interestingly, HFC-125 can
come the major product even at a HF/C2Cl4 ratio of 4:1,
i.e., with less than the stoichiometric amount to form HF
125, provided the contact time is long enough. And na
rally, increase in the HF/C2Cl4 ratio will greatly decreas
the contact time needed to get similar results. However
influence of the reaction temperature seems more signifi
than that of the contact time. At 320◦C and HF/C2Cl4 ra-
tio of 10:1, HFC-125 becomes the main product when
contact time exceeds 8.5 s. But at the lower HF/C2Cl4 ratio
of 6:1 and a higher reaction temperature of 360◦C, HFC-
125 becomes the main product at contact times of more
4.5 s (Fig. 10). This means that the lowest contact tim
get HFC-125 is significantly decreased at the higher tem
ature. According to the results of the theoretical calculatio
it is possible to choose suitable reaction conditions to g
specific target product.

3.4. Formation of CFC-110 series products

Under all reaction conditions tested, different amount
fully halogenated compounds, i.e., of the CFC-11X-ser
ct

t

Fig. 10. Comparison of the results of theoretical calculation (line) with
experimental data (symbol).

were formed in addition to the aimed HCFC-C2HY5−zXz-
series compounds. The formation of, e.g., CFC-114a,
of CFC-113 and CFC-114, which have been confirmed b
by 19F NMR [24,25] and by GC in comparison with a
thentic samples, cannot be explained on the basis of



Y. Zhu et al. / Journal of Catalysis 219 (2003) 8–16 15
Fig. 11. Results of the theoretical calculation of the products distribution under different conditions.
fied
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da-
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(5).

m

re-
d

secutive addition and elimination reactions as exempli
in Scheme 1. Speaking in terms of reaction types, an
idation reaction had to take place. Whereas the pres
of oxygen could be excluded, there is a small possibi
though a very unlikely one, that species with higher oxi
tion states in the chromium catalyst act as oxidative age
To exclude this, an experiment was performed under ide
cal conditions but with pure MgF2 as catalyst. The19F NMR
spectrum of the effluent is shown in Fig. 12, and the ass
ment of the spectrum is given in Table 4. As can be seen f
Fig. 12 and Table 4, even with an MgF2 catalyst totally halo-
genated CFCs have been formed in course of the reactio
C2Cl4 with HF. A quantitative evaluation of the NMR spe
trum (Table 4), based on peak integration and subseq
normalization according to the numbers of F atoms in
respective molecules, revealed that the totally halogen
compounds amount to about 33.5% of the mixture. This
ure is in good agreement with the GC data. The results
MgF2 indicate that any oxidative action of the catalyst can
excluded as cause of CFC formation. Disproportionatio
another possible way of CFC formation. However, start
from HCFC–C2HY5−zXz-series molecules, for each CF
molecule formed one molecule of the C2H2XzY4−z series
must be formed, too, as exemplified schematically in Eq.

2C2HXxY5−x → C2XyY6−y + C2H2XzY4−z

(5)(X, Y = Cl, F;x = 0–5; y = 0–6; z = 0–4).
f

t

Fig. 12.19F NMR spectrum of a product mixture from the reaction of C2Cl4
with HF over MgF2.

A further reaction pathway yielding CFCs starts fro
the primary product, CHCl2CCl2F, which might undergo
dechlorination whereby the chlorine formed should
act with, e.g., C2Cl4 giving C2Cl6 as starting compoun
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Table 4
Analysis of a product mixture obtained with MgF2 catalyst by its19F NMR
data

Compound Peak No. Peak area Area divided Relativ
in Fig. 12 by No. of concentration

F atoms (%)

F111 1 2.46 2.46 7.3
F112a 2 0.3 0.15 0.4
F113 5+ 10 6.23+ 2.93 3.05 9.1
F114 8 12.91 3.23 9.6
F114a 12+ 16 2.18+ 7.38 2.39 7.1
F123a 3+ 4+ 6 1.24+ 2.01+ 1.81 2.93 8.7

+7+ 20 +1.2+ 2.53
F123 13 18.37 6.12 18.2
F124a 11+ 19 1.61+ 1.71 0.83 2.5
F124 15+ 21 24.61+ 5.57 7.55 22.4
CCl2CClF 14 4.52 4.52 13.4
CCl2CF2 18 0.94 0.47 1.4
Unknown 9+ 17 8.43+ 1.23 – –

113 and 114 have also been confirmed by GC in comparison with auth
samples.

for CFCs. However, the primary dechlorination produ
ClHC=CClF, will most probably react with the HF givin
CH2CClF2 in quantities equivalent to the amounts of CF
detected.

Surprisingly, such compounds of lower halogen con
could not be detected in the product mixture, and the “
known” peaks in Table 4 account for only 8.7% of the to
peak areas in the 19-F NMR spectrum of the mixture. Th
there is so far no experimental evidence on hand to disc
inate between the discussed mechanisms for the obs
formation of perhalogenated compounds.

4. Conclusions

1. Fluorination of C2Cl4 with HF involves several con
secutive reactions and produces CFC-120 series compo
and chloro-fluoro-ethylenes with different fluorine numbe
and, surprisingly, some perhalogenated compounds,
The formation of the latter could not be fully elucidate
Higher reaction temperature, longer contact time, and hi
HF/C2Cl4 ratio favor higher fluorinated products.

2. All the chromium oxide-based catalysts possess q
high surface areas and high intensities in the FT-IR pho
coustic spectra of pyridine adsorption. However, only
samples with 5% dopant show similar conversion of C2Cl4
d

s

.

comparable with that of pure chromium oxide. And it
worth noting that Cr–Zr–O samples show much reduced
lectivity to HFC-125 but quite high selectivity to CFC-12
This different selectivity can be probably attributed to
lower strength of the acid sites.

3. Chromium hydroxofluoride as well as V and Zr-dop
samples show relatively low surface areas and low cata
activities whereas (Cr,Mg)(F,OH)x samples with high sur
face areas show very high activities and produce almos
by-products.
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