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The catalytic C-F hydrogenolysis of six fluorocarbons including CH,=CHF, CH&H*F, 
CHF=CHF, CH+ZF,, CHICHFZ, and CHICFI has been studied. C-F hydrogenolysis took 
place more readily for compounds with no more than one F atom attached to each carbon and much 
less readily for compounds with two or more F atoms attached to the same carbon. The apparent 
activation energy values range from 12 kcal mol-i for CH,CH,F to 26 kcal mol-* for CHsCHFt and 
CH,CF,. Possible mechanisms for the C-F hydrogenolysis were also discussed. 

INTRODUCTION 

The processes of heterogeneous catalytic 
hydrogenolysis of organic species contain- 
ing the C-C, C -N, and C -0 bonds are all 
well established (I -3). There are also some 
studies on the hydrogenolysis of carbon- 
halogen bonds (I). In the case of chlorides 
and bromides, the reactions have been 
shown to follow reaction (l), where X rep- 
resents Cl or Br (4-6). 

RX+H,+RH+HX. (1) 

There is little published work referring to 
results of the heterogeneous hydrogenol- 
ysis of fluorocarbons (5, 7). A study of 
such systems may be useful in gaining 
information of mechanistic pathways and 
controlling parameters for catalytic hydro- 
genolysis. The introduction of an extremely 
electronegative, yet simple and nonbulky 
atom furnishes some useful means to obtain 
insights for such heterogeneous interac- 
tions . 

Lather and co-workers (5) studied the 
hydrogenation and hydrogenolysis of var- 
ious C,- C3 fluorocarbons on palladium-on- 
carbon catalyst. The major findings are: (i) 
The lower members of a homologous series 
are more difficult to hydrogenate than the 
members of higher molecular weight. (ii) 
The hydrogenolysis of the C-Cl bonds 
occurs more readily than the hydrogenation 

of the C=C bonds, which in turn is more 
easily accomplished than the hydrogenol- 
ysis of the C-F bonds. (iii) The relative 
inertness of the C-F bonds persists in 
fluoroolefins as well as in fluoro- 
chloroolefins. 

In the present work the C-F hydrogen- 
olysis in six fluorocarbons on active car- 
bon-supported palladium surfaces was 
studied at various temperatures. C-F hy- 
drogenolysis took place more readily for 
compounds with no more than one F atom 
attached to each carbon and much less 
readily for compounds with two or more F 
atoms attached to the same carbon. From 
the data of the temperature variation 
studies, the activation energies and A fac- 
tors of the complete C-F hydrogenolysis in 
the six fluorocarbons have been evaluated. 

METHODS 

Cell for catalytic hydrogenolysis. The 
hydrogenolysis of fluorocarbons was car- 
ried out in a flow-type catalytic cell with Hz 
as the carrier gas. Active carbon-supported 
Pd (approximately 0.5 or 1.0 g) was mixed 
with glass beads (6 ml, 50/60 mesh) and 
packed into a U-shaped reaction cell 
equipped with a bypass for the carrier gas. 
The cell temperature was maintained at 
22°C of the temperature under study. The 
carrier gas flow rate through the cell was 
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kept at 27 ? 3 ml/min. Prior to use the cell 
was activated under vacuum at 34O-WC 
for 12 h or longer. It was then reduced with 
H, before use. 

General procedure. Fluorocarbons were 
introduced into an injection loop of known 
volume by the usual high-vacuum tech- 
niques. The pressure was accurately mea- 
sured with a Validyne pressure transducer. 
The sample in the injection loop was then 
inserted into the carrier gas stream of the 
catalytic system. The eluted products were 
traced by a thermal conductivity detector 
with associated recorder and were immedi- 
ately condensed into a trap. (It was ob- 
served when the catalyst cell temperature 
was 150°C or less, the products were some- 
times eluted in more than one distinct 
peak.) The actual G.C. spectra of the 
trapped products were then quantitatively 
analyzed by another gas chromatographic 
device. 

After each experiment the catalyst was 
put under vacuum at the reaction tempera- 
ture for a minimum of 4 h followed by H, 
flow for at least 20 min. 

Product analysis. Three gas chromato- 
graphic columns were employed for the 
analysis of the products: (i) a 4.&m di- 
methyl sulfolene (DMS) column operated at 
25°C (ii) a 14.6-m DMS column operated at 
25°C and (iii) a 15.2-m propylene carbon- 
ate-coated-on-Alumina column operated at 
0°C. Columns were chosen so that clean 
separation of the fluorocarbon products for 
each system was effected. The detected 
mass peaks were converted into the corre- 
sponding PV of the products in Torr-millili- 
ter by employing calibrated thermal con- 
ductivity responses. 

Inert residence time. The inert residence 
time is defined as the time required for an 
inert, nonadsorptive compound to pass 
through the catalyst cell. This value was 
obtained from the difference in time re- 
quired for helium to pass through the sys- 
tem with and without the cell. This time 
was found to be approximately & min at 
both 150 and 250°C. 

Chemicals. The parent molecules 
CHFCF, (99.0%) and CH3CHF2 (98.0%) 
were obtained from Matheson Company. 
CHzCHF (>97%), CH3CH2F (>97%), 
CH3CF3 (>97%), and a mixture of trans- 
and cis-CHF=CHF (>97%) were obtained 
from PCR. All of these were used without 
further purification except several cycles of 
degassing. The catalyst, active carbon-sup- 
ported Pd (lo%), was obtained from Mathe- 
son, Coleman and Bell. Hydrogen 
(99.995%) was obtained from Airco. 

RESULTS 

Catalytic C-F Hydrogenolysis of Vinyl 
Fluoride and Ethyl Fluoride 

A series of vinyl fluoride samples of 
various initial quantities was injected 
through the catalyst at 148 5 2°C with H, as 
a carrier gas. The partial pressure of 
CHFCHF ranged from 1 to 27 Torr 
( 1 Torr = 123.3 N m+). Both the hydrogena- 
tion product CH,CH,F and the hydrogenol- 
ysis product C2H6 were observed, indicat- 
ing the occurrence of the following 
reactions: 

CHdHF + Hz + CH3CH2F, (2) 

CH&HF + 2H, + CH,CH, + HF. (3) 

The experimental results of this series of 
samples are shown in Fig. 1. The product 
yields are expressed as the percentage of 
the injected CHFCHF. As shown, when 
the sample size increased, the yield of the 
hydrogenation product increased while that 
of the hydrogenolysis product decreased. 
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FIG. 1. Yield of hydrogenation and hydrogenolysis 
products from CHdHF as a function of the parent 
pressure. 0, C,H,; A, CH3CHZF. 
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For these samples the material balance for 
carbon atoms between the reactant and the 
products was always near 100%. 

A corresponding series of experiments 
with CH,CH,F was performed. Similar de- 
creasing trends of the hydrogenolysis prod- 
uct, CBHB, were also observed. 

CH3CH2F + Hz + CH3CH3 + HF. (4) 

Catalytic C-F Hydrogenolysis of Other 
Fluorinated Cz Hydrocarbons 

The catalytic C-F hydrogenolysis of 
CHGCHF, CHFCF,, CH,CHF,, and 
CH,CF, was carried out at 148 f 2°C with 
sample pressure varying from 1 to 10 Tot-r. 

The CHF=CHF used was a mixture of 
the cis and trans isomers in a 1: 3 ratio. 
Preliminary results indicate these isomers 
undergo hydrogenation with similar 
efficiencies. The hydrogenation and C-F 
hydrogenolysis reactions of CHF=CHF 
were all observed. 

CHF=CHF + H2 + CHpFCH2F, (5) 

CHF=CHF + 2Hz 
--, CH,CH2F + HF, (6) 

CHFLCHF + 3Hz 
+ CH&H3 + 2HF. (7) 

As the sample pressure increased the yield 
of the hydrogenation product, CH2FCH2F, 
increased, while that of the hydrogenolysis 
product, C2Hs, decreased. The yield of the 
partial hydrogenolysis product, CHBCH2F, 
was always below 10%. The sum of the 
three products was near 100%. 
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FIG. 2. Percentage yield of hydrogenation and hy- 
drogenolysis products from CH~HF as a function 
of catalyst cell temperatures. 0, CeHs; A, CH,CH,F. 
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FIG. 3. (A) Percentage yield of hydrogenolysis prod- 
uct and remaining CHJCHIF as a function of catalyst 
cell temperature. 0, C,H,; A, CHsCH2F. (B) Percent- 
age yield of hydrogenation and hydrogenolysis prod- 
ucts from CHF=CHF as a function of catalyst cell 
temperature. 0, C,H,; A, CH2FCH2F. 

The hydrogenation of CHFCF, took 
place readily, giving essentially complete 
saturation. However, in contrast to the 
above results CHFCF,, CHSCHF2, and 
CH3CF3 gave the hydrogenolysis products 
in only negligible amounts regardless of 
sample size. 

Percentage Yields of C-F Hydrogenolysis 
Products as a Function of Temperature 

The temperature effects on the catalytic 
C-F hydrogenolysis of the six fluorocar- 
bons (partial pressure of 5 Tot-r) being used 
have been studied at 100, 150, 200, 250, 
300, and 350°C. Selected studies were also 
made at 75, 125, 170, 375, and 400°C as 
needed. The observed yields of the hydro- 
genation product (or the remaining parent 
compound) and the hydrogenolysis prod- 
uct were plotted versus temperature in 
Figs. 2-5. 

Three general patterns were observed for 
the complete hydrogenolysis product, 
&He. For molecules containing no more 
than one F atom on each carbon, 
CH,-CHF, CHSCHzF, and CHF=CHF, 
the CzHB yield rose very sharply in the 100 
to 250°C range. For molecules containing 
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(A) fig& CH,CHF. In so doing it was detected 
0 
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that as the partial pressure of the parent 
increased the amount of observed product 
increased almost linearly up to a parent 

A partial pressure of 10 Torr. Between 10 and 
0 20 Torr a constant amount of the observed 

600 A product was detected. This means that with 
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FIG. 4. (A) Percentage yield of hydrogenation and 
hydrogenolysis products from CH.+JF, as a function 
of catalyst cell temperature. 0, C,H,; A, CH,CHF,. 
(B) Percentage yield of hydrogenolysis product and 
remaining CH,CHF2 as a function of catalyst cell 
temperature. 0, C,HB; A, CH,CHF,. 

two F atoms on one of their carbons, 
CHFCF, and CH&HF,, the C2H, yield 
gradually rose to 100% in the 200 to 350°C 
range. For molecules with three F atoms on 
the same carbon, CH3CF3, C-F bond hy- 
drogenolysis was insignificant at 300°C and 
rose sharply between 300 and 400°C. In 
each case the hydrogenation product or the 
remaining parent was observed to have a 
complementary decrease. 

DISCUSSION 

Hydrogenation and C-F Hydrogenolysis 
of Fluorocarbons 

The observed results from the unsatu- 
rated fluorocarbon systems indicate that 
C=C hydrogenation is probably much 
faster than C-F hydrogenolysis. The main 
support for this view is derived from the 
observation that at rather low temperatures 
the C&C hydrogenation is already quanti- 
tative while the C-F hydrogenolysis is still 
not observed. 

An alternate way to interpret the results 
shown in Fig. 1 is to plot the actual yields of 
products instead of the percentage yields 
as a function of partial pressure of 

a partial pressure of the parent compound 
less than 10 Tot-r, there is still an excessive 
amount of active sites on the catalyst sur- 
face for reaction. The reaction rate is thus 
dependent on the parent pressure. How- 
ever, all available active sites are saturated 
if the partial pressure of the parent exceeds 
10 Torr, and the reaction is converted into 
zero order. 

Activation Energies for Complete C-F 
Hydrogenolysis 

In this study H, was used as the carrier 
gas and was in large excess. Since the 
partial pressure of the sample employed for 
all the temperature studies was 5 Tort-, 
where the product yield is definitely depen- 
dent on the fluorocarbon partial pressure, it 
is reasonable to assume that the C-F hy- 
drogenolysis process would be pseudo first 
order. The fractional conversion, X, was 
normalized to account for the variation in 
the time the samples were within the cata- 
lyst cell. This normalization is necessary 
because the elution time for the products 
through the cell varies for different parent 
compounds and reaction temperatures. 
With these suppositions it is possible to 
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FIG. 5. Percentage yield of hydrogenolysis product 
and remaining CHsCF, as a function of catalyst cell 
temperature. 0, CIHB; A, CH&F,. 
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derive the following: 2. 

1 In - l-x 
= Ate-E,IRT, 

where 
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inert residence time for He in catalyst 
cell in minutes, 
adsorptive residence time for fluoro- 
carbons in catalyst cell in minutes, 
effective contact time, 
apparent activation energy 
E reaction - AHadsorption- 

Therefore, 

+ In AT. 

By plotting the left-hand side against l/T, 
the E, value can be evaluated from the 
obtained slope. An example plot is given in 
Fig. 6 for the formation of the complete 
C-F hydrogenolysis product, C2H6, from 
CHdHF. 

The A factor can also be calculated from 
the intercept of the line by assuming the 
effective contact time, t, to be 0.2 sec. This 
time was estimated by considering the 
amount of catalyst, volume of the catalyst 
cell, and the rate of flow through the cata- 
lyst cell. 

six fluorocarbons under study are listed. 
The slopes and intercepts from which these 
values were calculated are also included in 
Table 1. For fluorocarbons with a maxi- 
mum of one F atom on each carbon, 
CHFCHF, CH3CH2F, and CHF=CHF, 
the E, values are in the range of 12 to 17 
kcal mol-’ ( 1 kcal mol-1 = 4.18 kJ mol-I). 
The fluorocarbons with two or more F 
atoms on one of the carbon atoms, 
CH&ZF%, CH3CHF2, and CH,CF,, give 
E, values in the range of 20 to 26 kcal 
mol-l. The A factor values range from 5.8 
x 105 to 2.4 x lOlo set-l with most of the 
values in the range 10’ to lo8 set-‘. 

Possible Mechanism of C-F 
Hydrogenolysis 

In Table 1, the evaluated apparent activa- In the study of C-Cl hydrogenolysis on 
tion energies E, and the A factor values for evaporated Pd films, Campbell and Kem- 
the complete C-F hydrogenolysis of the ball have proposed two possible mecha- 
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FIG. 6. Arrhenius plot for the evaluation of kinetic 
parameters for the catalytic C-F hydrogenolysis in 
CHpCHF to give CIHB as final product. 

TABLE 1 

Apparent Ea and A Factor Values for the Complete C-F Hydrogenolysis of Fluorocarbons 

Compound Slope Apparent E. 
(kcal mol-r) 

CHFCHF - 7685 15 15.825 3.7 x 10’ 
CH,CH,F -6154 12 11.670 5.8 x 105 
CHF=CHF - a774 17 16.503 7.3 x 10’ 
CHFCF, - 10176 20 17.272 1.6 x 108 
CH,CHF, - 12964 26 22.309 2.4 x 1O’O 
CH,CF, - 12854 26 19.073 9.6 x 108 

Intercept A factor 
(set-‘) 
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nisms which are illustrated below with 
C,H,Cl(6): 

Mechanism I 

CJ-W (g) = CzH$l + CzH5 + Cl. (8) 

* I 1 4 

Mechanism 2 

C,H,Cl (g) = C,H,fl 

* 

---, CH,-CH-Cl + H, (9) 

!, i ;! 

CH,XHTl --, CH3-CH + Cl. (10) 

1 * *‘L ?, 

A reliable way to distinguish between these 
two mechanisms would be the addition of 
D, to the hydrogenolysis system. If Mecha- 
nism 1 predominates, C,H,D would be 
formed from the adsorbed C,H, radicals. 
On the other hand, the adsorbed CH,CH 
radicals produced in Mechanism 2 would 
give rise to CH,CHD,. The fact that large 
amounts of CH&HD, were indeed de- 
tected means that Mechanism 2 is likely to 
be the predominant one (6). 

It is highly possible that C-F hydrogen- 
olysis proceeds in a similar fashion to the 
C-Cl hydrogenolysis. This means that 
Mechanism 2 may also predominate in the 
hydrogenolysis of fluorocarbons; however, 
certain refinements could be introduced to 
slightly modify the mechanism. 

For saturated fluorocarbons such as 
CH&H,F and CH&HF2, the initial inter- 
action between the gas-phase molecules 
and the catalytic surface is likely to be 
through the physical adsorption of the elec- 
tronegative F atoms on the Pd surface. This 
is followed by the metalation of the C-H 
bonds involving the (Y carbon on which the 
F atom is attached. 

CH3CH2F + * * CH,CH2-F, (11) 

f 

CH,CH,-F + 2* + 

CH&H-F + H. (12) 

* $ J 

Some recent studies on the chemisorption 
of halogenated olefins on the Pt single- 
crystal surfaces indicate that the de- 
hydrofluorination of the fluorocarbons is 
likely to be an intermolecular process 
(8, 9). Since Hz was employed as a carrier 
gas in the present system, the Pd surface 
must be saturated with adsorbed H atoms 
for the intermolecular dehydrofluorination 
process. Because of this, the next step in 
the C-F hydrogenolysis mechanism is 
modified from an equivalent of Eq. (10) to 

CH,CH-F + 2H -+ 

CH,CH, + HF + 2*. (13) 

4 !G 

After the adsorbed CHSCHz radicals com- 
bine with surface H atoms, the resultant 
C,H, molecules may desorb from the sur- 
face. 

CH&Hz + H + CH3CH3 + 2*. (14) 

4 4 

In the case of CH,CHF,, the two stages of 
C-F hydrogenolysis could be either simul- 
taneous or stepwise, but both stages must 
be completed before desorption from the 
surface. This is the reason why the yield of 
CHBCHzF from CH,CHF, is negligible. 

The mechanism for the C-F hydrogenol- 
ysis of the other four fluorocarbons differs 
from the above pair mainly in the initial 
adsorption stage. For CHJF,, because of 
the lack of H atom on the (Y carbon, the 
initial step is likely to be the direct dissocia- 
tion of a C-F bond similar to what has been 
shown in Mechanism 1 for &H,Cl. 

CH,CFrF (g) = 
CHQ-F + CH,CF2 + F. (15) 

?: 4 4 
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In the case of the three unsaturated fluoro- 
carbons, either the F atom or the C=C 
double bond could be physically adsorbed 
on the surface as the initial step. This will 
immediately lead to chemisorption. In fact, 
it has been established from the Pt single- 
crystal studies that CHF=CHF under- 
goes associative chemisorption while 
CHFCHF and CHpCF, undergo disso- 
ciative adsorption followed by elimination 
of F-containing species (8, 9). In the 
present experiments, the situation is quite 
different. Since the Pd surface is originally 
saturated with chemisorbed H atoms, such 
H atoms may add efficiently to the double 
bonds of the unsaturated fluorocarbons to 
enhance immediate saturation. As a result, 
compounds such as CHFCHF will be 
immediately converted to the adsorbed 
half-hydrogenated states such 

CH&H-F 

4 i 

which is essentially identical 
been derived from CH,CH,F 
Eq. (12). 

as 

to what has 
as shown in 

The fact that CH3CH2F was actually ob- 
served as a product from the catalytic 
hydrogenation and hydrogenolysis of 
CHF=CHF but not from CHFCF, means 
that when the cy carbon is chemisorbed on 
Pd surface it is compulsory for all the C-F 
bonds of this carbon to undergo hydrogen- 
olysis. But, it is not necessary for the F 
atoms on the /3 carbon to be affected. 
Whenever the (Y carbon is chemisorbed on 
the Pd surface, the p carbon in some ad- 
sorbed molecules may be standing in a 
rather vertical position away from the Pd 
surface. If the p carbon does not interact 
with the surface through adsorption, the 
resulting partial hydrogenolysis product, 
such as CH,CH,F Tom CHF=CHF, would 
have a chance for desorption after reactions 
are completed on the (Y carbon. 

The Observed Kinetic Parameters 

The observed apparent activation ener- 

for 

1. 

2. 

3. 

4. 

gies for the complete hydrogenolysis of the 
six fluorocarbons as shown in Table 1 prob- 
ably reflect the dissociation energies of the 
cleaved C-F bonds. This is because the 
likely rate-determining step in the reaction 
mechanism is the cleavage of the C-F 
bonds as shown in Eq. (13) (6). The actual 
values of the dissociation energies of the C - 
F bonds in the adsorbed fluororadicals are 
unknown. For the stable molecules, it has 
been determined that D(CH3CHz-F) = 
107.5 (10, I I) and D(CH,CF,-F) = 124.8 
kcal mol-’ (12). This implies that for a 
carbon atom with more F atoms attached, 
the C-F bond strength will be higher. This 
could explain the general trend observed in 
Table 1 for the apparent E, values of the C - 
F hydrogenolysis processes. 

The apparent E, values for C-F hydro- 
genolysis are similar for CH&HF, and 
CH,CF,. This could be attributed to the 
supposition that both molecules will give 
rise to a similar adsorbed CH3CF2 radical 
[see Eqs. (1.5) and (16)] whose dehy- 
drofluorination reaction might be rate 
determining. 

CH,CHF-F (g) = 
CH,CHF- F + CH3CF-F + H. (16) 

f !, : 1 
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