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A study was made of the yield and crystallinity of graphite fluoride using a vertical vibrating reactor,
which made it possible to prepare much graphite fluoride. The yield of graphite fluoride decreased beyond 500
°C for natural graphite and petroleum coke heat-treated at 2800 °C, and beyond 300 °C for calcined petroleum

coke.

The crystallinity of graphite fluoride was improved through the decomposition and refluorination

process in these temperature ranges where the yield decreased. It was found that a sublimative solid by-prod-
uct was formed together with gaseous fluorocarbons. It was a white solid fluorocarbon with 5—9 cyclohex-

ane rings.

There are two kinds of stable graphite fluorides,
(CF)» and (C2F)», prepared by a high temperature reac-
tion between a carbon material and fluorine gas. Their
formation and yield depend on the crystallinity of the
starting carbon material, on reaction temperature, and
on fluorine pressure. When natural graphite is used as
a raw material, (CF),and (CzF), are formed at ca. 600 °C
and 350—400 °C, respectively.? Between these temper-
atures, a mixture of (CF), and (CzF), is obtained.

As the rotary reactor? previously reported produces
only 1—2 g of graphite fluoride, it is not suitable for the
evaluation of the yield of the graphite fluoride. In this
study, the yield and crystallinity of graphite fluoride
were investigated using a vertical vibrating reactor
which made it possible to prepare 5—40 g of graphite
fluoride. Ithasbeen said that the decrease in the yield of
graphite fluoride is due to the formation of gaseous
fluorocarbons such as CF4 and CzFs. However, it was
found in the present study that solid fluorocarbons with
molecular weights of 798—2016 were formed together
with the gaseous compounds. The structure of these
solid fluorocarbons was also studied.

Experimental

Samples. Starting carbon materials were natural gra-
phite (290—833 and 61 —74 pm) and petroleum coke (original
and heat-treated at 2800 °C). Fluorine gas of purity, 99.4—
99.7% was used for the fluorination of carbon materials. Most
of the impurity contained in fluorine gas was nitrogen.
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Schematic diagram of vertical vibrating re-

Fig. l-a.
actor.
1: F, cylinder, 2: HF absorber (NaF pellets heated at
110 °C), 3: control valve, 4: mass flowmeter for F,,
5: Ar gas, 6: flowmeter for Ar, 7: reaction tube, 8:
electric furnace, 9: Uras vibrator, 10: safety valve,
11: Hg manometer, 12, 13: F, absorber (soda lime
pellets).

Vertical Vibrating Reactor. Figure 1-a is the schematic
diagram of the vertical vibrating reactor for the production of
5—40 g of graphite fluoride. This vibration system was
adopted to achieve the continuous mixing of a carbon mate-
rial. When the mixing of carbon is insufficient, the explosive
decomposition of formed graphite fluoride sometimes occurs
due to the lack of supply of fluorine gas. The mixing of
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Fig. 1-b. Uras vibrator.
1: Uras vibrator, 2: reaction vessel.
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Fig. 1-c. Aspect of movement of carbon material by
vibration.
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carbon is therefore very important for the fluorination of
large amounts of carbon. Vibration caused by a Uras vibrator
(Fig. 1-b) installed at the bottom of the nickel reactor is
transmitted through a nickel rod to a reaction vessel. The
adjustment of vibration is made by changing the angle (@)
between two unbalanced weights attached to the Uras vibra-
tor. The aspect of movement of a carbon material in the
reactor is schematically shown in Fig. 1-c.

Fluorination Reaction and Analyses of the Product. After
pumping at room temperature, the reactor containing the
starting carbon material was heated to a temperature between
300 and 600 °C; this was followed by further pumping for
several hours. The reactor was then filled by argon gas at
1 atm, and a mixture of argon and fluorine gases was supplied
to the reaction system (gas flow rate, Fz: 80 ml/min for natural
graphite or 60 ml/min for petroleum coke, Ar: 70 ml/min).
Unreacted fluorine gas was made to react with soda lime.
After fluorination, the graphite fluoride prepared was ana-
lyzed by X-ray diffractometry (by Cu Ka) and elemental anal-
ysis. In addition to these analytical methods, the structure of
the solid by-product was investigated by IR, ¥F-NMR, ESCA,
and mass spectroscopies.

Results and Discussion

Yield of Graphite Fluoride. Figure 2 shows the
yield of (CF), and the time required for the completion
of fluorination reaction as a function of the amount of
each carbon material. The yield was decreased with
increasing amounts of natural graphite, because it took
a much longer time for fluorination with any increase
in raw material and the decomposition of graphite
fluoride to gaseous fluorocarbons occurred at the same
time.

Figure 3 is the change of yield for the fluorination of a
fixed amount of natural graphite as a function of reac-
tion time and temperature. No unreacted graphite was
detected under any condition. Asseen in the figure, the
yield decreased with increasing time and temperature.
The decrease in yield started at ca. 500 °C for natural
graphite and at ca. 300 °C for the original petroleum
coke. The remarkable decrease in yield was observed
especially in the latter case.

Composition and Crystallinity of Graphite Fluoride Pre-
pared from Natural Graphite. Figure 4 is the
composition and crystallinity of (CF), prepared from
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Fig. 2. Dependence of yield of (CF), and reaction time
on weight of starting carbon material.
Carbon material: natural graphite (290—833 um).
Reaction temperature: 600 °C.
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natural graphite at 600 °C. The interlayer spacing and
half width of the (001) diffraction line (doo1, Boo1)
decreased with increasing time, which means the
improvement of crystallinity of graphite fluoride,
while the chemical composition, F/C was almost
unchanged. The improvement of crystallinity would
be attained by eliminating the disordered parts among
crystallites of graphite or (CF),. The disordered parts
are easily attacked by fluorine gas to give gaseous fluoro-
carbons such as CF; and CgFs.1:2

The change in composition and cystallinity of gra-
phite fluoride prepared from the flaky natural graphite
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Fig. 3. Dependence of yield of graphite fluoride on reac-
tion time and temperature.
O: Natural graphite (290—833 pum, 20g), @: petro-
leum coke (10 g).
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Fig. 4. Dependence of crystallinity and composition of
(CF), on reaction time.
Carbon material: natural graphite (290—833 pm).
Reaction temperature: 600 °C.
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Fig. 5. Dependence of crystallinity and composition of
graphite fluoride on reaction temperature.
Carbon material: natural graphite (61—74 um), F/C:
O; from elemental analysis, @; from weight increase.

is shown in Fig. 5 as a function of temperature. (CF).
was prepared at around 600 °C with doo1 of 585—590 pm
and F/C of 1. An F/C value of more than unity is
attributable to CF2 and CFs groups at the edge of the
crystallite. As (CgF)» was mainly formed at 450—
500 °C, the door and F/C approached 900 pm and 0.5,
respectively, with decreasing temperature. Asshownin
the lower part of Fig. 5, the F/C calculated from the
weight increase of a carbon material started to deviate
from that obtained by elemental analysis at around
500 °C, and their difference was caused by the decompo-
sition of graphite fluoride to gaseous fluorocarbons.
No decomposition of graphite fluoride occurred in the
temperature regions where (C2F), was preferentially
formed.

Composition and Crystallinity of Graphite Fluoride Pre-
pared from Petroleum Coke. When graphite
fluoride was prepared from the original petroleum
coke, the doo1 and Boo: decreased remarkably in a temper-
ature range higher than 350 °C, while the F/C was
between 1.1 and 1.2 at 350—500 °C (Fig. 6). Graphite fluo-
ride prepared at 300—500 °C had larger doo: and oo
values than (CF), prepared from the natural graphite.
This is not because of the simultaneous formation of
(C2F)» but is attributed to the formation of (CF), with
low crystallinity. Itis known that only (CF), is formed
from a carbon material with low crystallinity under any
condition and F/C is much greater than unity because
of CF2z and CF3 groups on the surface.? The crystallin-
ity of graphite fluoride has also a close relation with
that of a raw material. With increasing temperature,
the crystallinity of (CF), was remarkably improved by
the decomposition of amorphous parts to gaseous fluo-
rocarbons, the doo1 and Boo1 approaching those of (CF),
prepared from natural graphite. The F/C obtained
from weight increase decreased monotonously with
increasing temperature, corresponding to the decrease
in the yield.
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Fig. 6. Dependence of crystallinity and composition of
(CF), on reaction temperature.
Carbon material: petroleum coke.
F/C: O; from elemental analysis, @; from weight in-
crease.
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Fig. 7. Dependence of crystallinity and composition of
graphite fluoride on reaction temperature.
Carbon material: petroleum coke heat-treated at 2800
°C.

The temperature dependences of the composition
and crystallinity of graphite fluoride prepared from the
petroleum coke heat-treated at 2800 °C were similar to
those from the natural graphite (Fig. 7). The yield
started to decrease at 500 °C as in the case of the natural
graphite, but, the rate of decrease was larger than thatin
the natural graphite. The F/C value was much smaller
than unity since (CzF), was formed from the graphitized
carbon. The doo1 and Bon approached those of (CF), with
increasing temperature, and only (CF), was prepared at
580 °C.

Structure of Solid By-product. It was found that
a white solid by-product was formed in the upper part
of the reactor when the fluorination of a carbon mate-
rial was made at a temperature where the yield of gra-
phite fluoride largely decreased. In addition to gaseous



704 Nobuatsu Wartanase, Saburo Katon, and Tsuyoshi Nakajima

575 pm
220Pm
A
B
1213pm|{| 575pm
c
D

(100)

(002) 220pm

e

1 1 1 1
10 20 30 40
Diffraction angle/*(20),(CuKx)
Fig. 8. X-Ray diffraction patterns of by product.
A: Original by-product, B: sublimated at 150 °C, C:

sublimated between 200 and 250 °C, D: residue on
sublimation at 300 °C, E: graphite fluoride, (CF),.

fluorocarbons, this solid by-product would also cause
the decrease in the yield. In this section, the structure of
solid by-product was described.

a) X-Ray Diffraction Patterns: Figure 8 is the X-ray
diffraction patterns of the by-product. The by-product
obtained gave the pattern A, which has nearly the same
peaks as (001) and (100) diffraction lines of (CF), except
for a broad one at 6—9° in 20 (Cu Ka). By sublimation
at several temperatures, this by-product was separated
into three groups, giving the pattern B (sublimated at
150 °C), C (sublimated at 200—250 °C),and D (residue
on sublimation at 300 °C). As seen in B, C, and D, the
broad diffraction line at 6—9° was separated into three
different peaks. With increasing the sublimation
temperature, the separated peak was shifted to a lower
angle, corresponding to a larger d spacing.

b) ¥®F-NMR Spectra: The 2nd moment obtained
from the absorption derivative of the by-product was
10.1 G%; this value is very near that of (CF),, 10.6 G2
Poly(tetrafluoroethylene) (Teflon) had the value, 5.0 G2,
which is different from the by-product value. This sug-
gests that the unit structure in the by-product is the
same as that for (CF)a.

¢) IR Spectra: Figure 9 is the IR spectra measured by
the KBr method. The spectra of the by-product was very
similar to that of (CF),. The absorption at 1215 cm™!
was ascribed to the CF stretching vibration and those at
1380 and 1110 cm™! were due to the symmetric and
asymmetric stretching vibrations of CF2 bonds, respec-
tively.® The latter two absorptions were larger in the
by-product than in (CF),, which indicates that the by-
product contains more CFz groups than (CF).does. Itis
known from the spectra of Teflon that the absorptions
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Fig. 9. IR spectra of by-product.
A: Original by-product, B: sublimated at 150 °C, D:
residue on sublimation at 300 °C, E: graphite fluoride,
(CF)a.
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Fig. 10. ESCA spectra of by-product.
A: Original by-product, B: sublimated at 150 °C, D:
residue on sublimation at 300 °C.

due to the bending vibration of CFz appear between 500
and 900 cm~1,9 where many small absorptions were
also observed in the by-product.

d) ESCA Spectra: In the Cy spectra of the by-
products, two peaks corresponding to CF and CF:
covalent bonds were observed at 290.5 and 292.4 eV,
respectively.? These two chemical bonds between car-
bon and fluorine are the same as those of (CF),. In (CF),
powder, a small peak due to CF3 group is observed at
294 eV in addition to the above two peaks. However, the
by-products had only two peaks corresponding to CF
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TABLE 1. ELEMENTAL ANALYSIS OF BY-PRODUCT
Sample F(wt%) C(wt%)
A 67.66 31.66
B 66.60 31.25
C 70.75 29.88
D 66.86 33.92
TaBLE 2, COMPOSITION AND MOLECULAR WEIGHT

OF BY-PRODUCT BY MASS SPECTRA

s Molecular Number of
Sample  Composition weight cyclohexane ring
B CyF;-CyFy 798—1022 5—7
C Gy Fy-CyoFse 972—1544 7—13
D  C,Fg-C;F,,  1656—2016 14—19

and CF2 groups and the ratio of CF2/CF for the by-
product was much larger than that of (CF),. This
tendency was more distinctive in the by-products subli-
mated at a lower temperature.

e) Chemical Analysis and Mass Spectra: The
results of chemical analysis are shown in Table 1.
Though the fluorine content in a single crystal of (CF),
is 61.3 wt%, analyzed values are often larger than
61.3 wt% owing to the CF2 and CFs groups on the
surface. The highest value hitherto found is 65 wt%.
However, the fluorine content in the by-product was
66—70 wt%, much higher than in (CF),. This is con-
sistent with the presence of more CFz groups on the
surface of the by-product than there were CF groups in
the bulk. Mass spectra revealed that samples B, C, and
D separated by sublimation were not a single com-
pound but a mixture of those with different composi-
tions. From the analytical results obtained in the
previous sections, the by-product would have a struc-
ture in which some cyclohexane rings to which fluo-
rines are bonded are linked with each other. Based on
this model, the molecular weight and number of cyclo-
hexane ring were calculated from the result of mass
spectra. As shown in Table 2, the raw by-product
would be a mixture of fluorocarbons consisting of 5—
19 cyclohexane rings with molecular weight of 798—
2016. The molecular weight increased in the order of B,
C, and D, which is consistent with the fact that the
sublimation temperature and d spacing obtained from
X-ray diffraction pattern increased in the same order.

The analytical results are summarized as follows.

(1) All the by-products separated by sublimation
had the same two peaks as (001) and (100) diffraction
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Fig. 11. Crystal structure of C,Fi,.
O: F, @: C.

lines of ideal (CF), crystal. Thediffractionlineat 6—9°
in 20 gave a larger d spacing for the sample separated at
a higher temperature.

(2) IR and ESCA spectra showed that the by-
product had the same CF and CF: groups as (CF)» and
the ratio of CFz2/CF was much larger in the by-product
than in (CF),.

(3) 9F-NMR spectrum indicated that the unit struc-
ture of the by-product was the same as that of (CF)n.

(4) Molecular weight was between 798 and 2016,
corresponding to fluorocarbon compounds with 5—19
cyclohexane rings.

From these results, the by-product is regarded as a
mixture of low molecular weight fluorocarbons having
the same structural unit as that of (CF),. As an exam-
ple, the crystal structure of Cz4F3s molecule with 7 cyclo-
hexane rings is shown in Fig. 11, where each molecule
is arranged in cubic system. The d spacing along the
c-axis is 575 pm and the lattice parameter along the a
and b-axis is almost the same as that of the diameter of a
circular molecule.
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