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(End of the article)

3.3. Oxidation of Tetrafluoroethylene; Obtaining of Carbonyldifluoride

Carbonyldifluoride (CF) is a base for the synthesis of a whole range of oxygen containing
fluoroorganic compounds, particularly, perfluoromethylperfluorovinyl ether /138/. One of the promising
ways of CF obtaining is an oxidation of TFE using molecular oxygen:

CoF4 + O, » 2COF, (- 620 kJ/mole)

Gas phase interaction of TFE and oxygen is accompanied by isolation of significant amounts of heat
and is of explosive character; that fact in a significant way hampers carrying out of the process on both
laboratory and industrial scales.

Using the inert diluent is one of the possible ways to prevent the explosive reaction. CF/241/ is
applied as diluent — 20-100 moles per oxygen mole; the process is carried out at 470-720 K, contact
period of 1-10 sec and mole ratio of TFE:O,, equal to 1. It is being noticed /241,242/, that CF is the main

product of such high temperature gas-phase oxidation; thus, at 694 K the conversion of TFE amounted
to 99,5%, and the yield of CF — 98% /241/. Difluorochlomethane and trifluorotrichloethane are also
described as inert diluent at gas phase oxidation of TFE using oxygen /243/.

We shall notice, that though carrying out of the process adding low-boiling inert diluents increases the
explosion safety of oxidation it in a significant way impeds the isolation of target product; recycle of CF
as inert diluent can also be accompanied by its losses. Here developed by us explosion proof method of
oxidation of fluororganic compounds in hydrogen-air flame is unacceptable/244, 245/, because the
presence of water results in hydrolysis and loss of part of target product.

Above we have shown high efficiency of a-Al,Ozas a carrier for catalysts of a wide range of thermal

transformations of polyfluorinated organic compounds In this connection we have studied an opportunity
of CF obtaining by TFE oxidation using undiluted oxygen in the layer of a-Al,O3, modified by nickel,

copper, iron, cobalt oxides. The results are listed in Table 36; here for you to compare we have listed
data obtained during TFE oxidation in the layer of quartz packing.

Listed results indicate a significant impact of catalyst nature on the rate of oxidation. Thus, at quartz
packing the oxidation of TFE start 460 — 470 K, while using a-Al,O5 modified by copper, nickel and iron,
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and also at unmodified a-Al,O4the temperature of reaction ignition/firing lowers to 350-360 K. At that the

oxidation passes without induction period and is characterized by virtually numerical forming of CF.

Cobalt modified a-Al,Osis of high activity; in this case, TFE oxidation passes all the time at the initial
temperature in the reactor which is as low as 323 K (experiment 17, Table 36).

Lowering of oxidation ignition temperature after operation is an interesting feature of all studied
catalysts. The analysis of composition of heterogeneous contacts (after thermal treatment using
mixture of TFE and O,) demonstrated the presence of perfluorinated polyperoxides (PP) on their

surface, which apparently are the initiators of oxidation and cause the increase of catalytic systems
(Table 37).

Table 36. Tetrafluoroethylene Oxidation Using Oxygen ( reagents’volume rate of input is 50 hour?,
mole ratio TFE:O,=1).

# Catalyst T, K Reaction Gases Compositiont, Volume %
CF, co, | cor, | C,F, | CFsCOF | Others
1 SiO, 453 0,01 0,02 0,80 99,12 0,04 0,02
(Quartz)

2 Same 463 0,01 0,04 46,38 52,04 0,30 1,24
3 -«- 473 <0,01 0,08 95,31 2,42 0,84 1,35
4 a-Al,O3 343 <0,01 0,02 0,74 99,20 0,02 0,02
5 Same 353 <0,01 0,04 89,32 9,22 0,62 0,80
6 -«- 363 0,53 0,80 95,62 0,82 1,52 0,71
7 Ni/a-Al,O4 343 <001 | 002 | 1,94 97,71 | 0,02 0,31
8 Same 353 <0,01 0,08 92,46 6,22 0,80 0,44
9 -«- 363 <0,01 0,08 96,98 1,25 1,16 0,53
10 Cu/ a-Al,O3 343 0,01 0,02 0,68 99,02 0,02 0,28
11 Same 353 0,17 0,36 72,81 19,24 6,98 0,44
12 -«- 363 0,26 0,40 86,30 5,38 7,12 0,54
13 Fe/ a-Al,03 343 0,02 0,04 0,98 98,62 0,16 0,18




14 Same 353 0,12 0,26 87,87 9,62 1,60 0,53
15 -«- 373 0,24 0,35 94,94 0,80 3,05 0,62
16 Co/ a-Al,O3 313 <0,01 0,04 0,09 99,77 0,02 0,08
17 Same 323 <0,01 0,08 98,04 0,10 1,68 0,10
18 &= 333 <0,01 0,08 98,17 <0,01 1,62 0,13

Iwithout taking into account unreacted oxygen.

Developed catalyst of Co/a-Al,Osis active even at room temperature after prolonged storage at the

open air (experiment 6, Table 37). This circumstance along with the absence of induction period is quite
important from the practical point of view and it also increases explosion safety of the process, because
it excludes conversion of reagents and corresponding appearing of explosives (in communications)
even at switching off the reactor’s heating.

Table 37. The impact of thermal (473 K) treatment using mixture of tetrafluoroethylene and oxygen (
treatment period - 24 hours).

# Catalyst Temperature of Equimolar Mixture Concentration
of TFE and O, Ignition of PP, gram-
equivalent per 100
g of catalyst, *
103
For Fresh For  Treated
Sample Sample
1 Quartz 460-470 420-430 -
2 a-Al,O04 350-360 320-330 13,0
3 Ni/a-Al,O4 350-360 320-330 1,7
4 Cu/a-Al,O4 350-360 320-330 0,3
5 Fe/ a-Al,O3 350-360 320-330 0,3
6 Co/ a-Al,04 320-325 <298 0,4

The peculiar feature of catalysts based a-Al,O3is, as tests proved, their high stability: operation for

400 doesn't lead to lowering of conversion degree, decrease of mechanical durability of samples and is
characterized by virtually quantitive yield of CF. According to the results of this part of work the initial
data for projecting of CF technology by TFE oxidation using oxygen at catalyst of cobalt oxide/a-Al,O3

(mark KGN-I).

We shall notice, that results of this part of the work described in /246/ provoked the studies regarding
selecting of heterogeneous catalysts of TFE oxidation /142/ Catalysts, which are PP on the surface of



solid carrier — activated charcoal, silica gel or alumogel, were created as a result of those works, they
are of high activity even under mild conditions. The drawback of those catalysts is their gradual decay
at prolonged operation, which is caused by use of carriers unstable under oxidizing fluorinating media.

Thus, based on summoning the results of study of a wide class of thermal gas phase transformation
of polyfluorinated organic compounds it is stated, that a-Al,O3is a universal aggression resistant carrier

for effective catalysts of those processes. Based on a-Al,Oza universal effective catalyst of direct
fluorination of polyfluorinated organic compounds (NiF2/a-Al,O3)was created, stable catalysts of
selective dechlorination of 1,2-dichlorohexafluoropropane to HFP by hydrogen (Ni/a-Al,O3), of 1,2-
difluorotetrachloroethane  to  1,2-difluordichloroethylene  (a-Al,O3;  Ni/a-Al,O3), of  1,1,2-
trifluorotrichloroethane to trifluorochloroethylene (Cu, BaO/a-Al,O3), a low-temperature catalyst of
directed oxidation of TFE to CF was developed (cobalt oxide/a-Al,O3).

4. Catalysis of Polyfluorinated Organic Compounds’ Nucleophilic Thermal Reactions
Using activated charcoal

Activated charcoal (AC) is quite stable to the influence of fluoroorganic compounds, as well as
hydrogen fluoride and hydrogen chloride and it is not decomposed by those aggressive products even
at most long contacting period and high temperature. That creates requisites for using of activated
charcoal as catalyst of thermal transformations of polyfluorinated organic compounds.

Activated charcoal is used as a rule as a carrier for preparing electrophilic catalysts of gas phase
fluorination by hydrogen fluoride, disproportioning or isomerization of fluorocarbons. Thus, activated
charcoal modified by oxides, oxifluorides, fluorides or chlorides of chrome, molibdene, iron, aluminium
or nickel is used during hydrogen fluoride fluorination of chloroform /247,248/, 1,1,2-trifluoro-2-
chloroethyldichloromethyl ether /249/, (3-trichloromethy! pyridine /250/, methyl alcohol /251/; chrome
oxide applied onto activated charcoal according to /252/, is an effective catalyst of disproportioning of
1,1,1-trifluorotrichloroethane and 1,1,1-trifluoro-2-chloroethane and activated charcoal modified by salts
of chrome, iron, molibdene and copper —a catalyst of isomerization of 1,1-dichlorotetrafluoroethane
1253/.

In /254-256/ you can find the description of use of activated charcoal as a carrier for alkali metals
fluorides — nucleophilic catalysts of isomerization of tetrafluoroethylene /254/ and hexafluoropropylene
/255, 256/ oxides. In all those works a modified activated charcoal is described, that hampers
estimating the nature of catalytic impactof carbon surface itself due to tampering influence of applied
active component.

A quite smaller number of works is devoted to the catalysis of reactions of fluororganic compounds at
unmodified carbon. Thus, prolonged contacting of activated charcoal with hexafluoropropyleneoxide at
260-300 K (40-70 hours) or with tetrafluoroethyleneoxide at 200-310 K /257-262/ results in formation of
corresponding oligomeric perfluoropolyethers with wide molecular-massive distribution. In /263/ you can
find a description of 2-perfluoromethylperfluoropentene-2 at heating up of hexafluoropropylene over
activated charcoal. It is typical, that all those reactions — the oligomerization of tetrafluoroethyleneoxide,
hexafluoropropyleneoxide and hexafluoropropylene are typical nucleophilic processes, which are
intensified by main heterogeneous contacts — halogenides /264-267/ and perfluoroalkooxides of alkali
metals /268/, univalent copper salts /269,270/, salts of quatemary ammonium and phosphonium bases
/266/. This provides grounds to suppose, that an unmodified activated charcoal is also a main catalyst
of nucleophilic type.

Activated carbon is widely used in chemical industry as adsorbent and catalyst, particularly, of
oxidation of sulphur and hydrogen sulfide dioxide, of synthesis of phosphogen and sulphuryl chloride, of
chlorineciane trimerization /271/. Taking into account the availability of activated charcoal, its high
specific surface and mechanical strength it was seen worth studying the catalytic properties of this
contact in nucleophilic reactions of polyfluorinated organic compounds more closely, a number of which,
as a preliminary analytical review showed, is intensified by active centers of carbon surface. Gas-phase
reactions were of a specific interest here. Diffusion limitations belonging to catalysis at close-porous
contacts, in particular, at activated charcoal are less typical for them.

We have studied gas-phase isomerization of hexafluoropropyleneoxide (HFPO) to
perfluoropropionylfluoride (PFPrF) as a model reaction for estimating nucleophilic catalytic activity of
carbon, this reaction is intensified by main catalysts — fluorides of alkali metals /255, 272/, secondary
and tertiary amines (aliphatic and aromatic, for example, trimethylamine, triethylamine, dimethylamine,
pyridine /273-275/), and also tertiary amines, for example, dimethylformamide, dimethylacetomide,
diethylbenzamide /272/. We shall also note, that studying of isomerization of HFPO is of practical
interest as well, because on the basis of PFPrF a corresponding diacyl peroxide can be synthesized,
which is an effective initiator of co-polymerization of fluorolefines /276/.



4.1. Isomerization of Hexafluoropropyleneoxide to Perfluoropropionylfluoride
(PFPrF)

Preliminary tests of thoroughly dehydrated unmodified activated charcoal of AP-B grade displayed
high catalytic activity in isomerization of HFPO to PF: thus, at 423 K contact period of 10 sec a full
conversion of HFPO was seen.

For a quantitive estimation of activity of nucleophilic centers of carbon surface it was interesting to
compare kinetic characteristics of isomerization of HFPO at activated charcoal and typical nucleophilic
catalyst — alkali metals fluorides. In connection to this we have prepared and tested dehydrated cesium,
potassium and sodium fluorides; those tests have revealed low effectiveness of individual fluorides of
alkali metals, which was caused by their low activity and, the main thing, by mechanical decay in the
course of process, that led to abrupt increase of catalyst layer resistance.

It is known, that dispersion of active component at a carrier in a number of cases allows significant
increasing of effectiveness of catalytic impact, that is caused, mainly, by growth of active phase specific
surface /277/; using of mechanically resistant cable provides high durability of applied catalyst in this
case.

In this connection we have prepared and tested applied catalysts — cesium, potassium and sodium
fluorides dispersed on the surface of melted calcium fluoride, which is of high mechanical resistance,
and besides that, it is resistant/stable in fluorinating media. The important thing here is of course the
fact, that this carrier is of electrophilic activity, providing for occurrence of side reaction — isomerization
of HFPO to perfluoroacetone (PFA) /272, 278-284/.

Data on catalytic properties of applied alkali metals fluorides, and also unmodified, initial melted
calcium fluoride are listed in Table 38, here as well you can see the results on catalytic properties of
preliminary dehydrated activated charcoal.

Perfluoroacetylfluoride and tetrafluoroethylene are the main products of HFPO transformation at
unmodified calcium fluoride; conversion degree at 483 K in this case amounted to as low as 10,7%.
Modifying of calcium fluoride using alkali metals fluorides leads to sharp increase of isomerization rate;
thus, applied cesium and potassium fluorides display their significant activity even at 410-430 K, at 470-
480 K we observe virtually total transformation of HFPO, the yield of PFPrF at that reaches 99,6 %.

Preliminary dehydrated activated charcoal (AC) is of exclusively high initial activity in isomerization of
HFPO.

Table 38. Catalytic Isomerization of Hexafluoropropyleneoxide (volume rate of substrate input — 250
hour®)

# Catalyst-1 Tem- HFPO Products Yield, wt. %
pera- Conversion
ture, K | Degree, %
Isomerization Destruction Oligomerization
PFPrF PFA
1 CaF, 483 10,7 24,2 <0,1 75,8 <0,1
2 Same 573 98,2 2,6 <0,1 97,4 <0,1
3 NaF/CaF, 433 8,4 99,9 <0,1 0,1 <0,1
4 Same 473 84,4 99,4 <0,1 0,6 <0,1
5 KF/CaF, 413 12,5 99,9 <0,1 0,1 <0,1




6 Same 478 99,2 99,5 <01| 05 <0,1
7 CsF/CaF, | 413 18,7 99,9 <01| o1 <0,1
8 Same 473 99,2 99,6 <01| 04 <0,1
9 | Ac? 373 97,8 93,7 2,0 03 4,0
10| Same 473 99,5 95,0 3.4 08 0,8

Iamount of applied sodium, potassium and cesium fluorides was 6,6 mmole (per one) per 100 g of
catalyst.

2Activated charcoal (AC) for decreasing of electrophilic activity of its ash part was preliminary treated
using aqueous solution of potassium hydroxide (20 wt. %) at 373 K in 5 hours and flashed with water;
listed data correspond to initial period of carbon’s activity (in 1 hour after start of experiment ).

It allows us carrying out total conversion of substrate even at 373 K.

It is typical, that modification of activated charcoal using cesium and potassium fluorides doesn’t lead
as the tests proved to the increase of catalytic activity; at that, the stability of influence somewhat
decreases.

Studying the kinetics of isomerization of HFPO using fresh activated charcoal (by the initial reaction
rates), carbon after stabilization of its activity in time, and also alkali metals fluorides applied onto

calcium fluoride showed, that in the field of initial concentrations of HFPO 6,710 — 2,1*103molel,
temperature range of 383-573 K and conversion degrees up to 12% that reaction passes according to
the first order.

Kinetic scheme of isomerization of HFPO can be presented in the following form:

K,
Cilig0 + ) /—= 0-C5Fq0O

K

K | .
0-CiF0 ——m g + CF;CF,COF

That scheme includes reversible adsorption of HFPO at free catalytic centres © (equation 1) and
following isomerization with forming of (PFPrF) and regeneration of active centers (equation 2).

The reaction rate (W) according to presented scheme will be described by equations:

K_:B’C
W=
1+8C  (quasi-equilibrium approximation)
KieC
w =

1+K3/Ka+8C (quasi-stationary approximation)

Where B = K;/K, — adsorption coefficient (constant of adsorption equilibrium) of HFPO.

At small meanings of concentration of HFPO (BC<<1l) in quasi-equilibrium approximation
W=K3BC=Kgfective C, that coincides with experimentally defined first order of reaction rate by

concentration of HFPO.

Data on temperature dependencies of HFPO isomerization rates for studied catalysts are listed in
Pic. 9; in Table 39 the values of corresponding pre-exponential mulripliers and activation energies are



listed.

The energy of activation of HFPO isomerization at fresh activated charcoal in the temperature range
of 443-543 K amounted to as low as 15,1 kJ/mole, that indicates a passing of reaction within the pore
diffusion field /285/. At temperature range of 383-413 K the reaction transfers apparently into kinetic filed,
about which a sharp increase of activation energy indicates, in this case it amounts to 50,2 kJ/mole. It is
quite interesting, that the activation energy of isomerization at wasted activated charcoal (after
stabilization of its activity in time) amounts to 56,5 kJ/mole in all studied range of temperatures and it is
close to the meaning of reaction activation energy at fresh activated charcoal in kinetic field.

The energy of HFPO isomerization activation is naturally decreasing in the row of applied sodium,
potassium and cesium fluorides (93,3; 81,6 and 55,6 kJ/mole, respectively), that indicates the
increasing of activity of ion-fluorine with the growth of alkali metal cation radius and coincides with the
results of numerous researches on studying the nucleophilic activity of ion fluorine /286,287/.
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Picture 9. Temperature Dependencies (in Arrenius coordinates) of Constants of Isomerization Rates
(Keffective) Of Hexafluoropropionylfiuoride at fresh (1) and wasted (2) activated carbon, and also at

cesium (3), potassium (4) and sodium (5) fluorides applied onto calcium fluoride.

Table 39. Kinetic Characteristics of Catalytic Isomerization of Hexafluorinepropyleneoxide to
Perfluoropropionylfluoride.

#. Catalyst Temperature lg Ko Eact-, kJ/mole
Range, K
1 Activated 383-413 6,9+0,4 50,2+3,3

Charcoal (Fresh)



2 Same 443-543 2,6+0,1 15,1+0,8
3 Activated 453-573 5,0+0,1 56,5+0,8
Charcoal
(Wasted)
4 CsF/CaF, 433-553 5,3+0,1 55,6+0,8
5 KF/CaF, 433-523 8,2+0,1 81,6+0,8
6 NaF/CaF, 473-553 8,8+0,1 93,3+0,8

It is interesting, that activation energy of HFPO isomerization at activatedCharcoaland the one at
applied cesium fluoride are rather close (50,2 and 55,6 kJ/mole, respectively), that indicates a high
nucleophilic activity of catalytic centers of charcoal surfaces. This result provoked further works
regarding studying of catalytic properties of activated charcoal in practically important reactions of
fluoroorganic compounds passing according to nucleophilic type.

We shall point out, that according to the results of this part of work the initial data regarding projecting
pilot plant obtaining perfluoropropionylfluoride by catalytic isomerization of hexafluoropropyleneoxide
have been issued.

4.2. Selective Thermal Destruction of Carbonyldiflupride And Perfluorinated
Polyperoxides’ Oligomers Over Perfluoropolyoxamethylenacetylfluorides

Low-molecular  perfluoropolyoxamethylenacethylfluorides CF30(CF,O)nCF,COF of medium

molecular weight ~ 300 (RFAnN), which is precious raw material to obtain new generation of thermal and
frost aggression resistant fluororubbers of unique properties /287, 288/ are formed during thermal liquid-
phase oxidation of HFP by oxygen in the medium of 1,1,2-trifluorotrichloroethane /289/; at that, the yield
of RFAn is not that big and amounts to 1,8-2,0 mass. %. We have developed and introduced the
obtaining technology of RFAn and HFPO by thermal liquid-phase oxidation of HFP using oxygen in the
medium of 1,1,2-trifluorotrichloroethane with the additives of selective initiator— 1,2-
dibrominetetrafluoroethane /290/, that allowed significant increasing of the rate of the process/291/,
increasing (1,5 times) the yield of RFAn /292/ and HFPO — from 36-37 up to 48-49% /293/, and also
decreasing the specific input of destructive oxidation (“burning”) of HFP /294/, which is going on forming
by-products — carbonylfluoride and acetylfluoride.

Along with RFAn in the course of HFP oxidation the oligomers of carbonylfluoride with ending
fluoroformate group CF30(CF,0)nCOF (FFG) and perfluorinated polyperoxides (PFP) are formed,

which are being accumulated in solvent and they also hamper the transportation and isolation of RFAN.
That is causing the necessity of preliminary purification of RFAn solutions from FFG and PFP.

There is a report /295/ on the possibility of decomposition of FFG and PFP during their thermal
processing in vacuum (470-500 K); at the same time the necessity of carrying out the process at
lowered pressure will create additional difficulties during industrial implementation of such purification
method.

In /296/ a two-stage purification method is developed, which includes solution contacting (at first
stage) the catalyst of FFG decomposition — anhydrous potassium fluoride in a periodical mode and then
— at second stage — thermal treatment using initiator of decomposition PFP — dimethyl ether of
diethyleneglycole (diglime). Though, such a two-stage method allows reaching high degree of
purification of RFAn from FFG and PFP, is rather complicated it is characterized by high energy and
materials consumption, low productivity and waste — wasted potassium fluoride and diglime. At the
same time listed in /296/ data point out an opportunity of intensification of decomposition of FFG by the
catalysts of nucleophilic type. In connection to that we have studied the gas-phase destruction of FFG
and PFP in the mixture with RFAn at preliminary dehydrated activated charcoal, which as it was
mentioned before, is a promising catalyst of nucleophilic type. Carrying out the thermal destruction in
gas phase at stable layer of firm catalyst has got its evitable technological advantages, particularly, it



allows setting up an on-going process; at that, there is no need in additional stage of catalyst isolating
from reaction products. We shall also notice, that besides high activity and stability in decomposition of
both FFG and PFP the absence of thermal destruction of target products - RFAn at it is one of the main
demands put to the catalyst.

Data on thermal destruction of FFG and PFP in the mixture with RFAn at preliminary dehydrated
activated charcoal are listed in Table 40; here to compare you will find the results obtained in an empty
reactor without catalyst and at typical catalysts of nucleophilic type — carefully and thoroughly
dehydrated potassium and sodium fluorides.

Table 40. Thermal and Catalytic Decomposition of Perfluorinated Polyperoxides, Oligomers of
Carbonyldifluoride and Perfluoropyoxamethylacelylﬂuorides.1

#. Catalyst Temperature, K Volume Decomposition Degree, %
rate of
Reagents’
Input, hour
1 PFP FFG RFANn
1 Without 473 3600 111 6,2 0,3
Catalyst
2 Same 873 3600 99,0 99,0 9,9
3 -«- 473 360 29,7 19,5 2,9
4 -«- 723 360 99,2 99,0 12,9
5 NaF 473 3600 14,7 27,9 15,1
6 KF 473 3600 2,3 61,1 2,9
7 Activated 373 3600 85,3 96,4 0,8
Charcoal
8 To xe 373 360 99,5 99,0 1,8
9 -«- 358 400 99,5 99,0 <0,1
10 -«- 353 360 99,5 99,0 <0,1

1The results of experiments 9 and 10 are obtained under pilot conditions.

From the listed data it can be seen, that PFP, FFG and particularly RFAn are rather thermal resistant

compounds. At temperature of 573 K and volume rate of input of 3600 hour® their decomposition
degree (in an empty tube, without catalyst) amounted to as low as 18,4; 10,4 and 2,7%, and at 773 K —
98,2; 46,8 and 5,7% respectively.

Practically total non-catalytic decomposition of FFG and PFP (volume rate of reagents’ input - 3600

hour'l) is reached at only 873 K. Exclusively high thermal resistance of RFAn is drawing the attention,
which degree of decomposition under the same conditions amounts to as low as 9,9 %.



The decreasing of volume rate of reagents’ input down to 360 hourallows lowering the temperature
of total catalytic decomposition of FFG and PFP to 723 K; at that, RFAn destruction degree is 12,9 %.

A conducted study allowed quantitive estimating of comparative thermal stability of individual
perfluoropolyoxamethylacetylfluorides with different number of carbon atoms (Pic. 10).

It can be seen. That thermal stability of RFAn significantly depends on the length of their chain. Thus,

at 873 K and contact period of 1 sec (volume rate of reagents’ input of 3600 hour ‘1)
perfluoropolyoxamethylenacetylfluorides with n = 1 are not decomposing ; the degree of decomposition
of RFAn withn = 2, 4, 6 and 9, for example, is 6,0; 9,0; 12,6 and 19,0 %, respectively.

Data on relative thermal stability of PFP, FFG and RFAn (Table 40, experiments 1-4) point out the
principal opportunity of thermal non-catalytic purification of perfluoropoluoxamethyleneacetylfluorides.
The disadvantage of such method is a need to carry out the process at high temperature (720-870 K),
that leads to increased power inputs for heating and cooling of reaction mixture. Besides that, under
conditions providing total decomposition of PFPand FFG one can observe a significant destruction of
target products (approximately 10%). That causes the purposefulness of selection of selective
bifunctional catalyst allowing lowering the temperature of total decomposition of PFP and FFG.

Testing of potassium and sodium fluorides revealed the increase of gas-phase decomposition of FFG
and PFP; at the same time these catalysts are not stable enough. Thus, the initial decomposition degree
of PFP at potassium fluoride (volume rate of input - 3600 hour'l) at 373 K was equal to 13,8 %, while in
six hours it amounted to 2,3 % even at 473 K. Besides that, potassium fluoride is being mechanically
decomposed in the course of process, that leads to fractioning of sample’s granules and clogging of
reactor. Catalyst decomposition can be caused by its reversible interaction with fluoroanhydrides
forming alkooxides, that leads to alteration of phase composition.In case of FFG such alkoxides are
decomposing isolating carbonyldifluoride and fine-dispersed potassium fluoride, which provokes reactor

clogging.
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Picture 10. Dependency of Thermal Destruction (a) of Individual
Perfluoropolyoxamethyleneacetylfluorides On The Length of Their Chain (n) At Volume rate Of Input

Equal to 3600 hour*And Temperature: 1 —473K; 2 -573K; 3—-723K; 4—-773K; 5-873K u6-923
K.

Samples obtained by applying potassium fluoride onto CaF, and a-Al,O3 oare of significant

mechanical durability and do not decompose in the course of operation; at the same time the activity of
these contacts is not high (lower, than the one of individual potassium fluorides) and, besides that, it
decreases in time.

Low stability of action can be caused by blocking of active centers by high-molecular
fluoroanhydrides.

Preliminary dehydrated activated charcoal, as we see judging by data listed in Table 40 is of very high
catalytic activity. At 323 K and volume rate of reagents input of 360 hourt (contact time for cold gas —
10 seconds) practically total decomposition of PFP and FFG is observed (98,4 and 94,8 %,
respectively); decreasing of contact time results in decreasing of purification degree. Thus, at volume
rate of input of 720 hour™ (323 K) the purification degree from FFG and PFP is 84,2 and 92,8 %, and at

1440 hour! — 48,0 and 80,8 %, respectively. Decreasing temperature to 290-300 K at contact time also
results in decreasing of purification degree.lt follows from the data presented, that at industrial
implementation of method the temperature and time must exceed 320 K and 10 seconds, respectively
to reach the high degree of purification. It is typical, that contacting of
perfluoropolyoxamethyleneacetylfluorides with activated charcoal even under relatively severe
conditions (temperature 523 K, contact period of 10 sec) did not result in their destruction.

Thus, using catalyst — activated charcoal allows decreasing temperature of total purification of RFAn
from PFP and FFG from 720-870 K (for non-catalytic process) to 320-370 K and escaping unwanted
destruction of target products.

Concluding this part of the work we shall notice, that industrial tests confirmed the results of
laboratory studies (Table 40, experiments 9, 10) and highlighted high stability of action of activated
charcoal: processing of more than 3 tons of mixture per 1 kg of catalyst (exploitation for 2 years) did not
result in decreasing of its activity — purification degree from FFG and PFP exceeded 99%.

Industrial implementation of method allowed setting up systematic processing of RFAn, in course of
which obtaining of new types of thermal and frost resistant fluororubbers /287/ - SKF-260 (in
accordance with Russian Space Shattle "Buran" programme) and SKF-Ftorkam had been carried out

4.3. Reactions of Perfluoroisobutylene with Anhydrous Hydrogen Fluoride,
1,1,5-trihydroperfluoropentanol-1 and Water

HFP synthesis technology — raw material for obtaining of fluoropolymers, fluororubbers and a whole
number of other fluoroorganic products is based on pyrolysis of TFE. At pyrolysis of TFE highly toxic
perfluoroisobutelene (PFIB, Maximum permissible concentration of PFIB in the air of working area is

equal to 0,1 mg/m3) is formed along with HFP, octafluorocyclobutane (OFCB), as well as a number of
other fluoroorganic products (perfluorobutenes, perfluoromethylcyclobutan and others); that's why it is

necessary to preliminary purify pyrolysis products* from PFIB to provide safety of their separation.

*During the rectificative separation of pyrolysis products the unreacted TFE and OFCB (they are being
returned to the stage of pyrolysis) and bottom products, which are neutralized later, are being isolated,
besides target product of HFP.

PFIB high activity (compare to TFE and HFP) in reactions with nucleophilic reagents /297-303/ is its
characteristic feature; virtually all known methods of its selective isolation out of TFE pyrolysis products
are based on that feature. Thus, initially, the purification of the products was carried out by liquid phase
hydrolysis of PFIB to hexafluoroisobutyric acid by water in the mixture with acetone /304/; that method
was characterized, however, by insufficient fullness of PFIB isolation, as well as fire and explosion
hazard caused by acetone use. Now PFIB are hydrolized by aqueous solution of sodium hydroxide
over catalyst of nucleophilic type — triethylamine /305/. That provides practically total selective
elimination of PFIB and, besides that, it allowed setting isolation and recycle for pyrolysis of additional
guantities of OFCB and perfluorobutenes (from bottom products), that led to decrease of specific
consumption of TFE, and also to decreasing of environmental pollution by bottom products /306,307/.
Total mineralization of PFIB, which is precious fluoroorganic raw material is a disadvantage of that
method.Taking into account significant amounts of forming PFIB (130-140 kg per 1 ton of HFP), the



search for ways allowing carrying out its utilization along with total isolation from pyrolysis products is
essential.

The Timoshenko' Military Academy of Chemical Defense has developed in cooperation with us an
utilization method of PFIB, which lies in contacting of TFE pyrolysis products with 1,1,5-
trinydroperfluoropeptanole-1 at catalysis by potassium fluoride /185,186/; as a result of selective
interaction of PFIB with this fluoroalcohol a forming of 2,5,5,9-tetrahydro-2-perfluoromethyl-4-
oxaperfluorononane occurs /186/. Direct selective fluorination of this product allows obtaining effective
dielectric liquid -2-perfluoromethyl-4-oxaperfluorononane.

Another way to utilize the PFIB may be based on its selective hydrofluorination by hydrogen fluoride
forming monohydroperfluoroisobutane — effective working body for plasmochemical teratmnet of
electronic schemes elements /297/.

Studying an opportunity of gas-phase catalytic hydrolysis of PFIB using water is promising;
application of such method would allow significant simplification of technology of additional purification of
bottom products.

It is characteristic, that all these reactions — interaction of PFIB and hydrogen fluoride, 1,1,5-
trinydroperfluoropentanole-1 and water are the processes passing according to nucleophilic type; in this
connection we have studied their catalysis by activated charcoal.

Interaction of Perfluoroisobutylene And Fluorohydric Acid.

Information on interaction of PFIB within the composition of products of TFE with hydrogen fluoride
pyrolysis over dehydrated activated charcoal (AC) is presented in Table 41; here for you to compare the
results obtained using empty reactor (without catalyst) over typical catalysts of nucleophilic type-
thoroghly dried fluorides of cesium and potassium, applied onto surface of melted calcium fluoride are
listed.

One can see from the listed data, that PFIB in the gas phase without catalyst doesn'’t interact with
fluorhycric acid (at temperature up to 570 K and volume rate of reagents input of 80 hour'l).

Though contacting of PFIB with hydrogen fluoride in the layer of applied fluorides of cesium and
potassium (experiments 3, 4, Table 41) is accompanied with formation of some amounts of
monohydroperfluoroisobutane it is characterized by low conversion degree of substrate (less then
15%).

Table 41. Catalytic Interaction of Perfluoroisobutylene Within The Composition of Products of
Pyrolysis of Tetrafluoroethylene And Nucleophilic Reagents (Nu) - Fluorohydric Acid, 1,1,5-
trihydroperfluoropentanole-1 and water.

Using activated charcoal results in sharp increase of PFIB and HF interaction rate (experiments 5-8,

Table 41). Thus, at as low as 323 K and volume rate of reagents’ input equal to 750 hourLconversion
degree of PFIB amounts to 68%; increasing of temperature to 373-423 K is accompanied by total
conversion of PFIB (conversion degree above 99%). It is characteristic, that over activated charcoal the
hydrogen fluoride reacts in a rather selective way — the content of of monohydroperfluoropropane —
product of hydrafluorination of HFP in reaction gases even at 423 K doesn’t exceed 0,1 of volume %.

High stability of catalytic action of activated charcoal must be noted — its operation during 400 hours

(423 K, volume rate of reagents’ input — 80 hour!, mole ratio of HF: PFIB — 1,5) doesn't result in
decreasing of PFIB conversion degree, which under these conditions doesn't exceed 99%.

Interaction of Perfluoroisobutylene And 1,1,5-trihydroperfluoropentanole-1.

Contacting of TFE pyrolysis products with 1,15-trihydroperfluoropentanole-1 over activated charcoal
at 473 K (experiment 10, Table 41) also results in practically total selective conversion of PFIB; at that,
catalyst is characterized by high stability of action. Decreasing temperature down to 373 K and below is
accompanied by decreasing of completeness of PFIB binding by fluoroalcohol (to 85%); in this case the
activity of catalyst is significantly falling in time, that can be caused by irreversible adsorption (at these
temperatures) of 1,1,5-trihydroperfluoropentanle-1 or its high-molecular adducts with PFIB at catalytic
centers of carbonic surface.

Interaction of Perfluoroisobutylene And Water.

As it follows from data on interaction of PFIB with waterlisted in Table 41 (experiments 11-14), without
catalyst this reaction practically doesn’t occur (to 473 K). Application of applied potassium fluoride
allows significant increasing of PFIB hydrolysis rate — at 423 K its conversion degree amounted to 42%.


http://en.notes.fluorine1.ru//public/2014/6_2014/retro/images/table41_en.pdf

Catalytic activity of carbon though is significantly higher; under the same conditions the PFIB
conversion degree exceeds 99%.

The formation of significant amounts of 2-hydroperfluoropropylene (see Table 41), and also 2,2-
dihdroperfluoropropane (its concentration in reaction gases in experiments 13, 14 amounted to 0,84 and
0,43volume % or 25 and 13 mole %, respectively, of PFIB having entered the reaction) is a
characteristic feature of catalytic gas-phase interaction of PFIB and water.

Chemism of formation of these admixtures can be described using the following scheme:

(CF3),C=CF, + — = (CF;),C-CF;A — = (CF;),CH-COOH +
-HF

-CO4
(CF_;}ECH—CD(@ + HA —= {{:Zl-"j}IE@H + HA — (CF;),CH; + ?

l—HF

CF3-CH=CF, + %

This scheme includes a stage of nucleophilic attack of PFIB during interaction with catalytic centi ™~ ,
hydrolysis of PFIB activated in such way forming hexafluoroisobutyric acid or its anion, decarboxylation
. . . : {{:F}}'z@H : . .
of this anion forming carbanion , which either attaches proton forming 2,2-
dihydroperfluoropropane or transforms into 2-hydroperfluoropropylene eliminating fluoride-ion.

Forming of hexafluoro-iso-butyric acid carbanion is rather possible, if we take into account the
presence of nucleophilic centers on carbon’s surface, which are promoting its dissociation; besides that,
the appearance of decarboxylation products- CgFgHj,and CgFgH is observed at relatively low

temperature range (300-320 K), e.g. under conditions, which are not typical for decarboxylation of
hexafluoroisobutyric acid, while its anion is of significantly lower resistance.

We shall notice, that pentafluoropropylene forming during PFIB hydrolysis hampers the quality of
target product — HFP. Taking into account the difficulty of rectification isolation of pentafluoropropylene
from HFP it looks reasonable to separate TFE pyrolysis products in advance into two fractions: light,
containg unreacted TFE, HFP and part of OFCB and heavy one, containing part of OFCB, PFIB and
other high-boiling pyrolysis products. At that only heavy fraction, which doesn’t contain HFP, that
excludes the possibilty of its contamination with pentafluoropropylene forming at PFIB hydrolysis should
undergo purification from PFIB.

On the other hand, additional purification of bottom products from unreacted PFIB is one of the stages
of HFP production, as it has been noticed before. After purification these products are not utilized,;
carrying out of this process by thermal hydrolysis at activated carbon would allow significant
simplification of additional purification technology.

The tests proved, that contacting of bottom products with water (water content was 10-15% of their

weight) at activated charcoal at 420-470 K and volume rate of reagents input of 180-300 hour? is
characterized by total purification from PFIB.

According to the results of this part of the work the initial data on constructing/ projecting a waste-free
purification technology of TFE pyrolysis products from PFIB (using hydrofluorination) and of bottom
products in HFP production (using hydrolysis).

4.4. Thermal Destruction of w-chloroperfluoroalkylfluorosulphates

The Timoshenko' Military Academy of Chemical Defense in association with us have developed the
technology of utilization of a-hydro-w—chloroperfluoroalkanes H(CF,)nCl — TFE production waste /308/.

w-Chloroperfluoroalkylfluorosulphates /187,188,309-311/ are formed as intermediate products by this
technology, they are being processed into corresponding fluoroanhydrides of -
chloroperfluorocarboxylic acids /189/ with further obtaining of effective medical preparations on their
basis, flame extinguishing agents, herbicides and fluoroemulsifiers /312-315/. In connection to that the
selection of effective catalysts of selective thermal destruction of chlorinealkylfluorosulphates to
corresponding fluoroanhydrides is important:



CI(CF,),0S05F - CI(CF5),.1COF+S0,F,

According to /189,316/ typical catalysts of nucleophilic type — alkali metals fluorides further
decomposition of alkylfluorosulphates. In connection to that we have studied the opportunity of w-
chlorperfluoroalkylsulphates thermal destruction catalysis, particularly w-
chloroperfluorooctylfluorosulphate by preliminary dehydrated activated charcoal; data is presented in
Table 42.Here for you to compare the results on decomposition of w-chloroperfluorooctylfluorosulphate
in the layer of inert nozzle — melted calcium fluoride are listed.

Table 42. Catalytic thermal destruction of w—chloroperfluoroctylfluorosulphate (volume rate of
substrate input - 360 hour™)

Conversion Degree of CI(CF,)gOS0O,F,%, at Temperature, K
Catalyst
473 523 573 673
CaF, 0,5 0,5 1,7 91
Activated
Charcoal grade 6,2 21,5 52,1 98,2
AP-B

One can seefrom the listed data, that activated charcoal abruptly increases the rate of thermal
destruction of w-xnopnepdTopokTundTopcynbata; w-chloroperfluorooctanoilfluoride is virtually only
one organic product of this process.

4.5. Hydrolysis of 1,1,1-trifluorotrichloroethane in the Mixture with 1,1,2-
trifluorotrichloroethane

1,1,1-Trifluorotrichloroethane is an undesirable admixture in 1,1,2-trifluorotrichloroethane; its
presence, in particular, decreases the stability of mixture chladone-113 isomers, and also it is
accompanied by pollution of trifluorochloroethylene obtained on the basis of 1,1,2-trifluorotrichloroethane
by hard to separate admixture — 1,1-difluoro-chloroethylene, which worsens the quality of this
fluorochlorolefine. In connection to that the search for purification ways of 1,1,3-trifluorotrichloroethane
from 1,1,1-trifluorotrichloroethaneis quite actual. These isomers of R-113 share the same boiling point
and they do not separate from each other by rectification.

In the present part of work the results on selective nucleophilic hydrolysis of small amounts of 1,1,1-
trifluorotrichloroethane (0,8 wt. %) in the mixture with 1,1,2-trifluorotrichloroethane at activated charcoal
(Table 43) are listed; here for you to compare the data on hydrolysis of these isomers over potassium
fluoride (10 wt. %) applied onto y-Al,Osare listed.

Table 43. Catalytic Hydrolysis of 1,1,1-trifluorotrichloroethane in the mixture with 1,1,2-
trifluorotrichloroethane (temperature 473 K, mole ratio water : trifluorotrichloroethane isomers sum = 2).

Conversion Degree, %
Volume rate of

# Catalyst Reagents Input,
hour®
CF3-CClg CF,CI-CFCl,
1 y-Al,O3 360 <0,1 <0,1
2 KF/ y-Al,03 360 6,2 1,4




3 | Activated Charcoal | 360 | 341 | 1.4
grade AP-B

4 Same 180 53,0 2,8

5 -/I- 150 62,0 3,5

6 -/I- 120 70,1 4,3

7 -/I- 90 82,7 5,6

One can see from the listed data, that rate and selectivity of hydrolysis at activated charcoal is
significantly higher, than over applied potassium fluoride; using of activated charcoal allows carrying out
deep selective hydrolysis even of small amounts of 1,1,1-trifluorotrichloroethane under quite mild

conditions (temperature 473 K, volume rate of reagents input — 90 hour '1).
4.6. The Origin of activated charcoal’s Catalytic Influence

Revealing of origin of activated charcoals catalytic influence is a rather complicated task, that is
caused by exclusively rich chemistry of their surface: besides non-organicadmixtures (ash of activated
charcoals contains /317/ aluminium, silicon, iron, magnesium, calcium and potassium) they usually find
hydrogen, oxygen, sulphur and nitrogen /318/ in carbonized products. All of that hampers referring one
or another catalytic property to any definite group of centers. It is known, that surface of activated
charcoals contains significant amounts of chemosorbated oxygen. Detailed studies /318/ allowed
referring practically all of the oxygen defined by elementary analysis to well -known functional groups:
carboxylic, hydroxylic (phenal), carbonyl and lactone.Nucleophilic pieces of such surface can be
responsible for catalytic influence of activated charcoal in studied reactions.

In connection to that we have conducted experiments using mixture of benzoic acid, phenol and
succinic anhydride; functional groups of these compoundsshape oxygen containing fragments of
carbonic surface. The contact of such mixture with PFP and FFG at 298 K, as it has been stated in
experimental way, doesn'’t lead to their destruction. Here it should be noted, that hydroxyl, carbonyl,
carboxylic and lactone groups of carbonic surface can possess somewhat another properties than the
same groups in the composition of used model mixture. It doesn't allow making a definite conclusion on
participation of oxygen containing fragments on the surface of activated charcoal in nucleophilic
reactions of fluororganic compounds.

The surface of activated charcoal can contain free-radical centers as well, forming at the stage of
activating, which is accompanied by burning out of part of crystallites carbon and decomposition of
hexahonal rings with apprearing of side chains of carbon atoms. Such radicals according to /318/
possess nucleophilic properties and can accelerate studied reactions. Chemisorption of water at radical
carbon fragments results in formation of ion-exchange hydroxylic groups of main character /318/. Their
replacement for fluorine at contact with chemically responsive fluoroorganic compounds can result in
appearance of catalytic system with mobile ion-fluorine of nucleophilic properties; at that, activated
charcoal plays a role of macro-cation and, besides that, promotes the increasing of substrates’
concentration (due to its high adsorption ability) around active centers.

In conclusion we shall notice, that studying of a wide range of thermal gas-phase reactions of
polyfluorinated organic reactions of polyfluorinated organic compounds proved, that preliminary
dehydrated activated charcoal is an effective universal catalyst of nucleophilic type and can be used
even in unmodified form as a catalyst of hexafluorinepropyleneoxide isomerization, thermal destruction
of oligomers of carbonyldifluoride and perfluorinated polyperoxides, hydrofluorination and hydrolysis of
perfluoroisobutylene, as a well as its iteraction with 1,1,5-trihydroperfluoropentanole-1, decomposition of
w-chloroperfluoroalkylfluorosulphates and selective hydrolysis of 1,1,1-trifluorotrichloroethane in the
mixture with 1,1,2-trifluorotrichloroethane.

The availability and simplicity of the use of this catalyst undoubtedly result in widening of the fields of
its practical application.

5. CONCLUSION



1. Based on theoretical generalization of results of our study of gas-phase interaction of a wide range
of unsaturated and hydrogen containing fluororganic substrates with elemental fluorine we have created
new perspective scientific direction — the direct selective catalytic fluorination of polyfluorinated organic
compounds.

- We have developed scientific principles of selection of effective aggression resistant catalysts of
direct gas-phase fluorination of organic compounds and for the first time the opportunity of sharp
increase of selectivity and fluorination rate using undiluted fluorine at directed alteration of nature of
catalytic composition has been demonstrated.

- We have developed an effective universal all-purpose catalytic composition - NiF, /a-Al,Ozand

using it, using the example of 3-perfluoroisopryl-2-perfluoromethylperfluoropentene-2 and 3-
perfluoroisopropyl-4-perfluoromethylperfluoropentene-2 — the isomers of perfluorononene, isomers of 2-
perfluoromethylperfluoropentene-3, isomers of perfluorobutene, 2,5,5,9-tetrahydro-2-perfluoromethyl-4-
oxaperfluorononane, a-hydro-w-chloroperfluoroalkanes H(CF2)nCl (n=2+8), as well as polyfluorinated
admixtures  within  the  composition  of  fluorocarbonic  lubricants,  perfluorodecaline,
perfluorodimethylcyclohexane and other fluorocarbonic liquids a selective gas-phase fluorination of
polyfluorinted organic compounds has been carried out with quantitive yield of corresponding products
of selective fluorination important in practical terms.

2. Based on systematic research of a wide range of thermal gas-phase transformations of
polyfluorinated organic compounds it has been stated, that a-Al,O3 is a universal all-purpose,

aggression resistant carrier for effective catalysts of thermal dechlorination of fluorochlorocarbons using
hydrogen and fluorolefines oxidation using oxygen. Based on a-Al,043:

- we have created stable catalysts of dechlorination using hydrogen of 1,2-dichlorohexafluoropropane
to hexafluoropropylene (Ni/a-Al,O3), 1.2-difluorotrichloroethane to 1,2-difluorofichloroethylene (a-Al,Og3;

Ni/a-Al,O3), 1,1,2-trifluorotrichloroethane to trifluorochloroethylene (Cu,BaO/a-Al,03), allowing

significant increasing of rate as well as selectivity of these processes (from 70-80 up to 90-95% and
above); kinectics and hydrogen fluorochlorocarbons dechlorination mechanism have been studied;

- an effective low-temperature catalyst of oxygen tetrafluoroethylene oxidation has been developed
(cobalt oxide /a-Al,O3) with pointed obtaining of carbony! fluoride.

3. As a result of studying of kinetic patterns/mechanisms of thermal gas-phase reactions of
polyfluorinated organic compounds it is stated, that dehydrated activated charcoal is an effective
aggression resistant catalyst of nucleophilic type and it can be used even in an unmodified form,
particularly, for the catalysis of hexafluoropropylenoxide isomerization, thermal destruction of carbonyl
fluoride and perfluorinated polyperoxides oligomers, hydrofluorination and hydrolysis of
perfluoroisobutelene, as well as its interaction with 1,1,5-trihydroperfluoropenthanol-1, decomposition of
w-chloroperfluoroalkylfluorosulphates and selective hydrolysis of 1,1,1-trifluorotrichloroethane in the
mixture with 1,1,2-trifluorotrichloroethane.

4. Based on the developed aggression resistant catalysts of thermal gas-phase transformations of
polyfluorinated organic compounds the following technologies are introduced into production:

- technology of perfluorodimethylperfluorocyclohexane — an effective dielectric liquid for aviation
technics;

- technology of fine purification of main component of developed artificial blood substituent —
perfluorodecaline;

- perfluoropolyoxamethylenacetylfluorides purification technology that allowed total dump eliminating
of those toxic fluoroanhydrides and obtaining of new generation of thermal and frost resistant
fluorocaoutchoucs of unique properties based on them.

The following technologies have been introduced at a pilot scale:

- waste-free technology of fine purification of fluorocarbon liquids and lubricants.

- regeneration technology of waste fluorocarbonic lubricants and liquids;

- technology of new effective dielectric liquid - 2-perfluoromethyl — 4-oxaperfluorononane.

The initial data for design project have been issued. Among them there are the data for projecting of:

- production of pentafluorochloroethane (chladone-115, R-115), with elimination of dumping and
utilization of octafluorocyclobutane — a waste of tetrafluoroethylene production;



- trifluoromethylhypofluoride technology — the reagent and initiator for the synthesis of a whole range
of new practically important oxygen containing fluororganic compounds;

- hexafluoropropylene technology allowing eliminating of dumping and correspondingly, utilizing 1,2-
dichlorohexafluoropropane — waste in the production of tetrafluoroethylene;

- technology of 1,2-difluorodichloroethylene, which excludes the formation and dumping of toxic zinc
chloride;

- technology of carbonyl fluoride — a basis for production of a whole range of oxygen containing
fluororganic compounds;

- waste-free tetrafluoroethylene pyrolysis products purification technology from perfluoroisobutylene
(by hydrofluorination) and purification technology of bottom products in the production of
hexafluoropropylene (by hydrolysis);

- pilot plant for selective isomerization of hexafluoropropylenoxide to perfluoropropionylfluoride — a
basis for production of effective initiator of fluoroolefines co-polymerization.
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