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ABSTRACT

The disposal of PTFE waste presents a global problem from both an ecological
and economical perspective. This study was performed to address this problem
as well as to understand the mechanism according to which PTFE is
depolymerised to form the different products, namely C,F4, C2oFs, CsFs, CsFs and
c-C4Fs.

Different conceptual reactors were designed and built for different tests on filled
and unfilled PTFE. These included a laboratory scale Rotating-kiln Reactor for
testing the depolymerisation properties in a horizontal reactor, a Drop-tube
Reactor for the continuous depolymerisation of unfilled PTFE, a Paddle Reactor
for the continuous depolymerisation of filed as well as unfiled PTFE and a
Vibrating Reactor for the evaluation of other fluoropolymers like THV, HTE, ETFE
and PFA. Analytical techniques such as GC, GC/MS, TGA and SEM were used to
evaluate the different types of PTFE and analyse the gaseous products from the

depolymerisation process.

A mechanism by which depolymerisation and product formation takes place was
proposed on the basis of experimental data obtained during experimentation on
various PTFE depolymerisation systems, utilising different analytical techniques,

including a thermodynamic study, a kinetic study and molecular modelling.

For the product formation mechanism a two-route approach was proposed. Route
1 dominated at temperatures < 700 °C, producing mainly C,F4, C3Fg and c-C4Fs.
Route 2 dominated at temperatures between 700 and 900 °C, producing mainly
C2F4, CoFg, CsFe, CsFs, PFIB and c-C4Fs.

A thermodynamic study and molecular modelling was used to evaluate possible
product formation reactions in order to propose scientifically sound mechanisms

for Routes 1 and 2.
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A kinetic study revealed that the order of the depolymerisation reaction is 0.54,
and that the reaction proceeds at a rate of 4.03 x 102 s™ at 600 °C. The activation

energy for the depolymerisation process was calculated to be 260 kJ-mol™.

A Rotating-kiln Plant was designed for the production of HFP from PTFE on a
commercial scale. An economic analysis indicated that a 500 kg-h™ filled PTFE

depolymerisation plant, selling HFP as a product at R55 per kg, is highly
profitable.




OPSOMMING

Die wegdoening van PTFE skroot skep tans 'n wéreldwye probleem vanuit beide
‘n ekologiese en koste-oogpunt. Hierdie ondersoek is uitgevoer om die probleem
aan te spreek sowel as om die meganisme te verstaan waarvolgens PTFE
gedepolimeriseer word om die volgende produkte te vorm: CoF4, CoFg, CsFg, CsFs
and ¢-C4Fs.

Verskillende konseptuele reaktore is ontwerp en gebou vir die uitvoer van
verskillende toetse op gevulde en ongevulde PTFE. Hierdie reaktore het die
volgende ingesluit: ‘n laboratoriumskaal Roterende-oond Reaktor om die
depolimeriseringseienskappe van PTFE in ‘n horisontale reaktor te toets, n
Vertikale Reaktor (eng. Drop-tube Reactor) vir die depolimerisering van
ongevulde PTFE op n kontinue grondslag, 'n Pedaalreaktor (eng. Paddle Reactor)
vir die depolimerisering van gevulde sowel as ongevulde PTFE op 'n kontinue
grondslag en 'n Vibrerende Reaktor vir die evaluering van ander fluoropolimere
soos THV, HTE, ETFE en PFA. Analitiese tegnieke soos GC, GC/MS, TGA en
SEM is gebruik om verskilende PTFE monsters te evalueer en om die
gasprodukte vanaf die depolimeriseringsproses te analiseer.

n Meganisme waarvolgens die depolimerisasie van PTFE en opvolgende
produkvorming plaasvind is voorgestel op grond van eksperimentele data ingewin
vanaf 'n PTFE depolimeriseringstelsel deur gebruik te maak van verskillende
analitiese tegnieke, wat ‘n termodinamiese studie, ‘n kinetiese studie en
molekulere modellering insluit.

Vir die produkvorming is 'n twee-roete meganisme voorgestel. Roete 1 domineer
by temperature < 700 °C, en hoofsaaklik C,F,4, CsF¢ en c-C4Fs word geproduseer.
Roete 2 domineer by temperature tussen 700 en 900 °C en hoofsaaklik C,F4,
CaF6, C3Fg, C3Fs, PFIB en c-C4Fg word geproduseer.

Die termodinamiese studie en molekulére modellering is gebruik om moontlike

produkvormingsvergelykings te evalueer en sodoende ‘n goeie wetenskaplike
voorstel te maak vir die Roete 1 en 2 meganismes.
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Na ‘n kinetiese studie is gevind dat die orde van die depolimeriseringsreaksie
0.54 is, en dat die reaksie teen 'n tempo van 4.03 x 10 s™ by 600 °C plaasvind.
Die aktiveringsenergie is as 260 kJ-mol” bereken.

n Roterende-oond aanleg vir die depolimerisering van PTFE op ‘n kommersiéle
skaal met die doel om CsFg te vervaardig, is ontwerp. n Ekonomiese analise het
getoon dat ‘n depolimeriseringsaanleg wat 500 kg-h'1 gevulde PTFE kan hanteer
en HFP teen R55 per kg verkoop, hoogs winsgewend is.
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1.1 INTRODUCTION AND PROBLEM STATEMENT

Life in the previous and twenty first century was and is dominated by technological
innovation. Regarding the great inventions and technological progress of the
twentieth century, for example: nuclear science across its whole impressive
spectrum, space travel, medical advances such as organ transplant breakthroughs,
the unravelling of the human genetic code, etc.; these inventions have also invaded
our homes, even in the kitchen. A very good example in this regard that springs to
mind is non-stick cookware like pots and pans.

Many polymers have been developed, but the real stars in the polymer constellation
are the fluorinated variety like polytetrafluoroethylene (PTFE). The success of non-
stick cookware is directly attributable to the development to fluoropolymers,
especially PTFE. This polymer has one building block, the monomer
tetrafluoroethylene (TFE). By linking together TFE building blocks into enormous
chains, a very high-molecular-mass polymer is formed, a process that was
accidentally discovered by a scientist named Plunkett in 1948 when he did some
experiments with TFE." Since then, the synthesis of PTFE, its physical and chemical
characteristics, its very diverse application spectrum, etc., have been exhaustively
studied in the past.""” It was especially found that three or four properties of PTFE
make it a very valuable and sought-after material. Some of these properties are the

following®®: 7

PTFE is chemically inert;

It exhibits relatively good thermal stability;

The lubricity of PTFE is exceptional;

Another very good characteristic of PTFE is its water repellence.

However the main desirable property of PTFE, namely its chemical inertness, also
poses an enormous problem with regards to the safe and economic disposal of
PTFE."'® Up to the present, incineration was virtually the only viable disposal
method other than expensive and space-consuming landfilling. During the
incineration of PTFE very toxic by-products like perfluoroisobutylene (PFIB) might




form under undesirable conditions,'"'® with the result that this waste disposal

method is ecologically seriously frowned upon.

During the mechanical manufacturing of PTFE components, more than normal
quantities of waste are generated because of its non-melt-processibility. In contrast
to other polymers this waste can not be recycled. Manufacturers therefore either
have to landfill or store the waste PTFE. It goes without saying that the PTFE
industry would seriously welcome the development of a viable waste disposal or
treatment method. The disposal problem is exacerbated when the PTFE is filled with
various substances like carbon, glass fibre, bronze or molybdenum disulfide particles
to preferentially enhance properties like improved creep resistance, increased

hardness, better abrasion properties, etc.

A further factor which must not be ignored is that one of the building blocks of PTFE
is fluorine, which is quite expensive. The recovery of the fluorine-values, in whatever

useable form, is therefore also an important consideration.

Necsa embarked on the manufacturing of high value, higly sought after
fluoro-chemical compounds for several years now.'” These include inorganic (WFs,
SFs, NF3, CIF3, etc.) as well as organic fluorochemical compounds like (CF4, TFE,
HFP and OFCB, etc.). HFP for example, is used as an intermediate product to
manufacture even more lucrative downstream products like HFPO. This product finds
application in speciality low-temperature polymers ¢'® and OFCB as an etching gas in
the silicon industry."® Apart from the fact that TFE is, as already mentioned, the
basic building block for the manufacturing of PTFE, it can also be converted to HFP,
or used directly as a feedstock for the production of other speciality fluorochemicals.
TFE however has one main disadvantage, namely that it is a highly unstable and
explosive gas which makes the transportation and storage thereof nearly impossible

form a safety point of view.?%

This forces the manufactures of fluoropolymers and
organic fluorochemicals that use TFE in their production processes, to synthesise it
in-house and on-site, or use other more stable fluorochemical compounds as
intermediate product. One such compound is HFP and is generally being referred to

in the fluorochemical industry as “transportable TFE”.¢"




An example of the value-added chain, using PTFE as starting material through
intermediate products like TFE and HFP, is given below:

PTFE > TFE > HFP > HFPO - Final product

In previous studies®®?¥ it was found that the depolymerisation of PTFE led to
products like TFE, HFP, and OFCB, in various quantities:

PTFE > TFE + HFP + OFCB

This process was exploited by Necsa on commercial scale, but under sub-optimal
conditions, whereby clean and unfilled PTFE was depolymerised to give a product
mixture of TFE, HFP and OFCB. Subsequently this product mixture has to be
separated and purified by a laborious cryogenic distillation processes, putting strain
on the economic viability of the whole process.

Necsa mainly used clean and unfilled PTFE in a semi-continuous process. Clean and
unfilled PTFE left no residue after polymerisation as all the PTFE is converted into
gaseous products. This process was conducted in a drop tube reactor where the to-
be-decomposed PTFE was fed vertically through a tube into a crucible which was
held at the desired temperature where the depolymerisation took place. Hence the
name “Drop-tube Reactor’. However, waste PTFE that can be used as feedstock, is
also available with filler material which is incorporated in the PTFE to enhance
certain physical properties of PTFE e.g. mechanical strength and creep
resistance.®” The use of filled PTFE as a feedstock in the Necsa process was
unfortunately not possible as the un-decomposed filler material will be left as a
residue at the bottom of the reactor, the reactor will eventually be filled up with these
residues and will block the whole system.

Therefore, to conclude, the handling of PTFE waste and especially filed PTFE,
poses a huge problem which has to be addressed by the manufactures and

processors of PTFE.




1.2 LITERATURE REVIEW ON FLUOROPOLYMERS

As mentioned in Section 1.1, PTFE occupies a unique position in the polymer and
related industries due to its exceptional properties. This polymer is manufactured via
the polymerisation of the TFE monomer.""” Thus, although the manufacturing and
application of both TFE and PTFE have been exhaustively addressed in literature
and industry, there is a shortage of information and experience regarding the
destruction of both unfilled and filled PTFE. One of the purposes of this study is to
bridge this knowledge gap.

1.2.1 The fluorine radical

Fluorine occurs widely in nature as CaF. and is more abundant than chlorine. The
great reactivity of F2 can be contributed to the low dissociation energy of the F-F
bond. This is probably because of the strong repulsion of the nonbonding
electrons.®®%") The fluorine electronic structure is 1s? 2p° with one unpaired electron
in the outer shell, which also explains the high reactivity. This is typical of radicals.®®
The existence and contribution of the fluorine atom in the fluorocarbon formation is

addressed by Moore.?®

1.2.2 The C-F bond

Although the C-H bond is well known and formes the basis of organic chemistry,
much less, as can be expected is known about the C-F bond. The C-H bond energy
is 413 kJ-mol™', which is smaller than the 484 kJ-mol”’ bond energy of the C-F bond.
The high electron affinity of fluorine is the reason why it reacts with an exothermic

reaction with carbon.?”

1.2.3 The monomer tetrafluoroethylene (TFE)

At present the TFE monomer is manufactured commercially via thermal
decomposition of the freon, chlorodifluoromethane (CF,HCE) at high temperatures.®
The compound CF,HC! is also commercially known as R22. This process firstly




involves the manufacturing of R22 by hydrogen substitution of methane with chlorine
and then partial fluorination of trichloromethane with hydrofluoric acid, as presented

in the reactions below:

CH, +3C/f, » CHC/; + 3HC[ 1.1

CHC(, + 2HF — CF,HC( + 2HC( 1.2

R22 is then continuously fed into a high-temperature reactor at 600 °C to form TFE

as main product:

2CF,HCI —%C ,CF, = CF, + 2HC/ 1.3

The partial pressure of R22 can be decreased by the addition of steam. Lower partial
pressures increase the TFE yield in the above-mentioned reaction scheme. R22 that
is not converted to TFE has to be separated from the steam and TFE and recycled
back into the reactor. The waste stream contains a low concentration of HCt after
pyrolysis inside the reactor. This must be collected and neutralised and generates a
waste problem. The R22 route is not a very efficient method. However, this method
has been performed safely for many years. The gaseous product that is formed
consists of a mixture of TFE, hexafluoropropylene (HFP) and octafluorocyclobutane
(OFCB), with TFE as the main product. Separation is needed in order to increase the
concentration of TFE. When HFP is needed as the main product, the process
parameters are changed and subsequently the TFE vyield decreases. The
disadvantages of this method are: the production of HCE as a by-product and the low
conversion (~20 %) of R22 into products, requiring a large recycle stream.

The monomers are also used for the manufacturing of an increasing number of
chemical products such as low-temperature compounds, highly inert oils and some
are used as etching agents in the silicon industry. Some of the fluorochemicals and

their structures are presented in Table 1.1.




Table 1.1: Fluorochemical species and their structures

Name Abbreviation = Empirical Structure
formula
F. F
Tetrafluoromethane TFM CF, /C\
F F
F.f F
Hexafluoroethane HFE CoFs /C — P\
F F F
Fo F
Tetrafluoroethylene TFE CoF4 C=C_
F F
R T
/
Octafluoropropane OFP CiFs F —-/C— (|3 — (“( —F
F F F
F
F\C c. f
Hexafluoropropylene HFP CiFs F/ - \(F/—F
F
Con
F—-C—-C-—F
Octafluorocyclobutane OFCB c-C4Fg ]
F—?—?—F
F F

Of these products only OFCB is available on the open market The required purity
specification for the electronic industry is between 99.9 and 99.999 %. The HFP
product is not available on the open market in industrial quantities, because every
manufacturer produces it in-house to satisfy its own demand from which other
downstream fluoropolymers can be manufactured. The purity needed is, however,
only 99.5 %. The TFE product is also not available on the open market. The dangers
accompanying the manufacturing of this product (auto-ignition point at 220 kPa abs.
and low tolerance for oxygen), prevent it from being transported safely over long




distances. Thus it is manufactured under controlled conditions and used for
polymerisation on the same site. The other products TFM, HFE and OFP are of low

value, although used in large quantities in the electronic industry as flushing gases.

Some properties of TFE®? are: it is a colourless, odourless gas with a molecular
mass of 100 g'mot™, a boiling point of -76.3 °C, a freezing point of -142.5 °C. TFE is
however a very dangerous and explosive gas as mentioned previously. The
flammability limits in air at 1 atm are 14 — 43 % by volume.®® TFE is incapable of
explosion at atmospheric pressures, but explodes violently as the loading density of a

vessel increases. A safe operating pressure for such a vessel is 2.2 bar abs.®' 32

1.2.4 The polymer polytetrafluoroethylene (PTFE)

In 1938 a Du Pont scientist, Roy Plunkett®, discovered the polymer
polytetrafluoroethylene (PTFE) when tetrafluoroethylene (TFE) was accidentally
polymerised in a cylinder. This polymer was introduced commercially into the world
by the company Du Pont as Teflon® in 1946. Pictures of PTFE products are
presented on the cover page of this chapter.

It was proposed that the polymerisation process proceeds via a free-radical initiation
mechanism.®7” Free radical initiators like peroxydisulfides and organic peroxides are
used.

Two distinctly different polymerisation methods are used for the homopolymerisation
of PTFE. In the one process little or no dispersing agent is used. Vigorous agitation
produces a granular resin. In the other process, called aqueous-dispersion
polymerisation, precipitation of the resin particles is avoided. The granular product
can be moulded while the aqueous dispersion can be converted into a powder for

paste extrusion.®

1.24.1 The properties of PTFE

This very versatile solid polymer has an extremely high average molar mass,




(10° to 107 g-mol™") and a viscosity of about 10° to 10! Pa-s in its molten state at 380
°C. It is a highly crystalline polymer and has a crystalline melting point of 330 °C. Its
high thermal stability is due to the strong carbon-fluorine bonds and characterises
PTFE as a very useful high-temperature polymer.("" 34 A summary of some of the

physical properties of PTFE is given in Table 1.2 and is compared to those of

polyethylene (PE).

Table 1.2: A comparison of the physical properties of PTFE and PE
Property PTFE PE

Density (g-cm™) 221023 0.9t0 1.0

Melting point (°C) 342 first and 105 to 140

327 second’

Dielectric constant (at 1 kHz) 2.0 2.3

Dynamic coefficient of friction 4x1072 3.3x10"

Surface energy (dyne-cm™) 18.0 33.0

Chemical resistance

Excellent. No known

Susceptible to attack by

solvent hot hydrocarbons
Thermal degradation temp. (°C) 505 404
Eact (kd-mol™) 339 264
Melt viscosity (Pa-s) 10° to 10" -
Refractive index 1.3 1.5
Chain-branching propensity No Yes

" The melting point of PTFE changes after being heated for the first time. This is

because of the sintering of the polymer at high temperature.




PTFE, with its good chemical, electrical and surface properties was accepted with
open arms by the industry. Since then other fluoropolymers were discovered
possessing unique properties that only fluoropolymers can provide. Amongst these,
several variants of PTFE, as well as a variety of co-polymers with ethylene,
vinilidinefluoride, hexafluoropropylene (HFP) as co-monomers, were produced and
their uses range from PTFE coatings on cookware to thermally stable components

exhibiting excellent operating properties in industrial machinery.

1.2.4.2 The manufacturing of PTFE and other fluoropolymers

Commercially PTFE is manufactured by two different polymerisation techniques that
result in two different physical forms of a chemically identical polymer. Suspension
polymerisation produces a granular resin, whilst emulsion polymerisation produces a

coagulated dispersion which is often referred to as a fine powder.

The suspension-polymerised PTFE is usually produced by addition of a coagulant to
the TFE after initiation, while emulsion-polymerised PTFE is made via the addition of
an emulsification agent. Emulsion-polymerised PTFE behaves entirely differently to
suspension-polymerised PTFE because of the difference in physical structure.
Coagulated dispersions are processed by a cold extrusion process. Emulsion

polymerised PTFE is usually processed according to latex processing techniques.

In 2006, the main manufacturers of PTFE included Daikin Kogyo (Polyflon), Du Pont
(Teflon®), Hoechst (Hostaflon), ICI (Fluon), Ausimont (Algoflon and Halon), and the
CIS (Fluoroplast). The People's Republic of China also manufactures some PTFE

products.

The discovery of PTFE was a big step forward for materials science. The fact that
PTFE was not melt-processible, as a result of its high viscosity, was one of the only
drawbacks. The pursuit for more easily processible polymers with the same
properties as PTFE led to the discovery of Fluorinated Ethylene Propylene (FEP)
co-polymer, which could be melted in an extruder. When compared to PTFE, the only
major disadvantage was that of reduced thermal stabilty. The Ethylene

10




Tetrafluoroethylene co-polymer (ETFE) addresses the need for a mechanically
stronger polymer. Many of the unique properties of PTFE are lost when co-polymers
with different properties are manufactured, but the advantage is that the waste can

be recycled by means of melt-processing.® ”

1.24.3 Filled PTFE

In the case of co-polymers, TFE can be mixed with a second or third monomer and
polymerised into a polymer with specific properties. Another way to address some of
the weaknesses of PTFE is to incorporate a solid filler™ ”, producing a polymer that
has all the previously mentioned good properties, as well as improved creep
resistance, abrasion resistance or other properties. Filled granular PTFE compounds
belong to the most significant PTFE commodities because of the large volumes of
consumption. Unfilled and filed PTFE can be used for the manufacturing of an
increasingly wide variety of products. Table 1.3 summarises some of the advantages
and properties of PTFE filled with different fillers.®"

Table 1.3: Some properties of filled PTFE

Filler Additional advantages Thermal conductivity
(Wm-K™")

Unfilled PTFE 0.24
Carbon-filled Better abrasion properties, reduces 0.63

(15%) creep, increases hardness and thermal

conductivity

Glass fibre-filled Better creep performance 0.41

(15 to 40%)

Bronze-filled (60%) Reduces deformation under load and 0.57

raises the thermal and electrical

conductivity.

Molybdenum Increases hardness while decreasing NA~
disulfide-filled (5%) friction.

" The (%) designates the typical amount of filler in the PTFE.
" NA = Not Available




1.3 MARKET INFORMATION

The U.S. demand for fluoropolymers in 2002 was estimated at 60 000 tpa, with PTFE
accounting for over 40 % of this demand.®® This would result in an approximate
12 000 tpa PTFE landfill burden in the U.S. alone. World consumption in 2001 was
112 000 tpa.

The Freedonia® market research report estimates that the global market for
fluorochemicals would be worth USD 12.9 billion by 2007. Global trade in the fluorine
performance chemicals and polymers excluding the low-molecular-weight polymers
is probably 1.5 to 2 times the US merchant market size of approximately
USD 4.1 billion. The global trade in low-molecular-mass polymers is probably only
1.2 to 1.5 the size of the U.S. merchant market because U.S. companies such as
DuPont and 3M dominate this sector of the market.

The global market for low-molecular mass polymers is approximately
USD 600 million. The average growth-rate over the previous five years
(1997 to 2002) has been 5 % per year. This is a performance-chemical market and is
therefore characterized by a high degree of technical support for customers and also
a large research and development support for new compounds and new applications
for existing compounds. Du Pont and 3M dominate about 50 % of the global market.
A number of relatively large US, European and Japanese companies own a smaller
share of the market. Some of them are Dyneon, Imperial Chemical Industries, Daikin
and Ausimont.

Whilst growth will continue to be sluggish due to meagre gains in the large
fluorocarbon sector, it represents a considerable improvement over the losses
registered during the past decade (when the major impact of the chlorofluorocarbon
phase-out was felt). In addition, strong growth opportunities are expected in
fluoropolymers, especially with respect to newer melt-processible varieties, specialty
fluorine gases, such as nitrogen-trifluoride and specialty organic chemicals.

Continued downward price-pressure is expected in key markets such as polymers.

12




The three fluorochemicals which are most abundantly used are TFE, HFP and
OFCB. Table 1.4 presents the production cost in 2004 and market values for these
products.

Table 1.4: Market value of fluorochemicals (2004)®?

Product Production cost Selling price
(USD per kg) (USD per kg)

HFP 75108 10to 15
c-C4Fs NA 70 to 85
TFE 50to 54 NA

* NA = Not Available

Governments world-wide are introducing legislation to force manufacturers to be
responsible for waste generated. This causes large companies to accumulate
tremendous amounts of waste that need to be treated by a suitable technique in
order to reduce the volume of waste to be land filled.

1.4 THE DEPOLYMERISATION OF PTFE WASTE

As previously mentioned, the inert properties of PTFE can unfortunately be a
disadvantage from a waste point of view. PTFE waste can be in the form of shavings,
turnings, off-cuts and chunks and can sometimes amount to as much as 50 % of the
final product.?" 3 It is not possible to re-use PTFE waste by melt processing as is
the case with other polymers, for example polyethylene.® Unfilled PTFE waste can
be ground into a fine powder form and can be re-used as a filler material in, for
example, paint and cement. Grinding is not an option for filled PTFE and currently all
filled PTFE waste is regarded as unwanted. This forces PTFE processors and
manufacturers to dispose of these types of PTFE waste in landfill sites. This is an
expensive option (the international cost in 2006 was typically $2 to $3 per kg PTFE),
due to the cost associated with land filling, the loss of the highly valuable fluorine
values that are contained in the waste, and the long-term negative environmental

effects due to the non-biodegradable property of the waste PTFE. However, it is
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currently the only option available because incinerating the polymer poses a big
health threat to the community, as toxic gases are emitted in alarming quantities.(11'15)
In some cases ultra-fine particles are formed that can be extremely toxic, and causes
iliness which is generally defined as polymer fever.®?)

1.4.1 Considerations for the depolymerisation of PTFE waste

Extensive research has been done in the laboratory'*'® with regard to the
depolymerisation process of PTFE and the chemistry thereof. The most basic
method of depolymerisation involves the heating of PTFE by means of a furnace to
above the thermal degradation temperature (ca. 505 °C). During this process several
factors need to be considered:

1. What is the purpose of the depolymerisation? If destruction is the purpose,
the off-gas has to be destroyed by an appropriate method.®® If the
end-product is to be re-used, then careful consideration should be given to
the depolymerisation process parameters, because this can influence the
product yields;(#224)

2. What are the safety concerns? Safety is of paramount importance because
very toxic perfluoroisobutylene (PFIB) and ultra-fine particles can be
produced during the depolymerisation process. The toxicity (LD 50) of

PFIB was reported to be 0.045 mg/l;("-6. 32

3. What product is needed? The depolymerisation process parameters can
be tailored to favour preferred species; (224 3%

4, What depolymerisation process is favoured? There are generally three
options:

a. If operation at sub-atmospheric pressures is possible and the desired
product is TFE, then vacuum depolymerisation can be performed.( 2224
*) The disadvantage of this process is the high system integrity that is
necessary to be able to operate at low pressures and prevent air leaks.
Air leaks can form toxic and explosive mixtures if in contact with the
depolymerisation product. The advantage is the fact that no carrier gas

is present and less separation steps are necessary;
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b. If HFP, OFCB or other long-chain compounds are the desired products,
the depolymerisation process can be performed at higher pressures
because longer-chain-length products are generally formed at these
conditions;( 2224 35-37)

c. When TFE is the desired product, and the process needs to proceed at
ambient pressures, steam depolymerisation can be performed. The
disadvantage is the large amount of waste generated in terms of
HF:(8 38.39)

5. The following are possible depolymerisation systems:

a. A reduced pressure (1 to 100 kPa abs) depolymerisation system;®?2%

b. A steam depolymerisation system; 3839

c. Afluidised bed and steam depolymerisation system.®

1.4.2 Depolymerisation methods

The process of depolymerising PTFE via vacuum pyrolysis is extensively described
in the literature.?24 4042 \/arious means of heating were used, including resistance
heating (the depolymerisation reactor is heated electrically by means of external
heaters) and steam heating (the depolymerisation reactor is heated by means of
resistance heating and the addition of steam to reduce the partial pressure of the
product, with a resulting increase in the TFE yield at ambient pressure®® 3¥). These
methods employ kiln reactors and fluidised bed reactors for the depolymerisation
process and have the advantage that the depolymerisation reaction takes place at
ambient pressures. However, it is anticipated that large volumes of low concentration
HF waste are formed during the depolymerisation process and this causes the
reactor and down stream systems to be manufactured from diluted-HF resistant

materials.

Steam heating has the advantage that the system operates at atmospheric pressure
with a smaller chance of air leaking inwards and causing a possible explosion. One
of the disadvantages is the large amount of waste produced by condensation of the
steam (10 to 20 parts steam for 1 part TFE). The steam is contaminated with a low
percentage of hydrofluoric acid and must be treated accordingly. When reduced

pressure depolymerisation is used, the amount of waste is reduced to an almost
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negligible amount. It also decreases the capital cost of the reactor system, because
normal stainless steel can be used instead of exotic materials that are HF-resistant,

e.g. Inconel.

The literature revealed that most of the depolymerisation experiments were
performed in a laboratory for research purposes only, and were not scaled up for
production purposes. These laboratory-scale experiments have been successfully

performed for many years (710 2224 34-39)

Recently research was done on the optimisation of a production process for TFE,
HFP and OFB isomers.®® This research was done with a reactor using a flow rate of
250 to 1000 g-h™! PTFE and with nitrogen as a carrier gas, or as a partial pressure
reducer. The product was frozen in sample holders and analysed by means of gas
chromatography. This work was done on a laboratory scale reactor and the TFE,
HFP and OFCB concentrations were determined as a function of temperature,

pressure and gas residence time. During these experiments a carrier gas was used.

Van der Walt developed a 2 kg-h? semi-continuous PTFE depolymerisation
laboratory system.?*?*) The composition of the product that was produced by this
system was dependant on the pressure and the temperature at which the reaction
took place. The maximum TFE yield was obtained at 600 °C and 5 kPa. Different
ratios of the main products (TFE, HFP and OFCB) as a function of temperature and
pressure were obtained. From this experimental data it was possible to predict
maximum yields of HFE (C,F¢), TFE, HFP and OFCB at reduced pressures and
within a temperature range of 600 to 900 °C. For a system operating continuously
this may be valuable information. For optimisation of a specific product, the operating
parameters can be varied during operation. Depending on the product, a selectivity
i.t.o. TFE of up to 95 % can be obtained. This is described in more detail in Chapter 4
of this study.

To the best of my knowledge, there is currently no commercial plant world-
wide that depolymerises PTFE on a continuous basis.® %%
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The global waste production rate of PTFE is estimated to be 12 000 tpa in the USA
alone. The landfill cost associated with this is estimated to be USD 24 million pa. The
intrinsic value of the F-compounds produced from the waste is estimated to be USD
120 million pa (based only on the HFP price of USD 10 kg™"). The global annual value
of PTFE waste therefore is estimated at USD 144 million pa.

1.4.3 Chemical reaction mechanisms proposed in the literature for the

depolymerisation of PTFE

The mechanism of any depolymerisation process is difficult to predict although the
mechanism for the depolymerisation of PTFE is relatively uncomplicated when
compared to those of other polymers, because the structure consists of
homogeneous and linear polymer chains. Using GC/MS, TG/MS and FTIR for

product analysis, a good prediction of the mechanism could be made.

Lewis and Naylor proposed a mechanism for the depolymerisation process where
PTFE was unzipped to form exclusively TFE double radicals (-CF»-F,C-).*® One of
these radicals may then form a double bond exothermally to afford TFE, or at higher
pressures two radicals can combine to form HFP and OFCB in secondary reactions.
No mention was made of the formation of HFE or OFP in the product mixture.
Experimentation was performed in a batch reactor since the aim of this

experimentation was not to depolymerise PTFE on a continuous basis.

Morisaki performed TG/MS experiments with PTFE in order to determine the
activation energy of TFE and HFP that were produced via the combination of
different intermediate fractions formed inside a mass spectrometer.*” He also
proposed a mechanism where TFE was formed by depolymerisation of PTFE into
difluorocarbene radicals (CF,--). HFP and OFCB were also part of a secondary
reaction of one TFE molecule with either another TFE molecule to form a
C4-compound or a difluorocarbene radical to form HFP. Meissner et al proposed a
similar reaction mechanism, but, according to them, TFE is the primary product and
only OFCB forms from TFE in a secondary reaction. HFP actually forms in a tertiary
reaction from OFCB decomposition according to them.®® They performed their

experiments in a semi-continuous reactor. PTFE was fed into the reactor and at
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different fixed residence times, the product gas was quenched by freezing with a
liquid nitrogen quench. The PTFE feed rates for these experiments were very small

compared to experimentation by vd Walt{?224),

The process of depolymerisation can take place via one of two routes, which are
temperature-driven: random depolymerisation, where the polymer chain randomly
breaks into fragments (high temperatures, typically 700 to 900°C), and chain
depolymerisation or unzipping (low temperatures, typically 450 to 700°C).“¥ Random

depolymerisation takes place in three steps:

1. Initiation where a PTFE chain randomly splits into pieces of variable length.

2. Depropagation where stepwise ejection of monomer molecules from the
radical-ends takes place. The monomer rapidly diffuses away from the
reaction site.

3. Termination is possible via different routes, namely direct evaporation,
disproportionation and radical combination.® ) If the depolymerisation is
complete, termination might only mean that the depolymerisation products
stabilise when cooled.

Cox et al determined the activation energy of the depolymerisation process as
318.2 kJ-mol™ with a first order calculation.“” Siegle et al experimentally determined
the activation energy to be 347.5 kJ-mol” in a single-step process.“® Carroll and
Manche proposed that the depolymerisation of PTFE takes place in two steps,
indicating two activation energies, 353.55 kJ-mol™ and 191.21 kJ-mol™.“*® The order
of the depolymerisation process was chosen to be zero. Kinetic calculations on the
first mechanism were done by analysing TGA data from the depolymerisation

process.® 49

The depolymerisation process was generally divided into three stages: initiation,
propagation to TFE and propagation to other products (HFP and OFCB). The
following mechanism has been proposed: ¢ 3 44

Initiation:
R-CFz-CFz-CFz-CFz-CFz-R i R-CFz-CFz-CFz' + 'CF2-CF2-R ...................... 1.3
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Propagation to TFE:
R-CF2-CF2-CF2* — R-CFp* + CFo=CF2(TFE)............ooi s 1.4

Propagation to HFP:

2CF2=CF2 = CF3-CF=CF2 + C e 1.5
CFy=CF2 + CF2** — CF3-CF=CF2(HFP)......co i 1.6
Propagation to OFCB:
2CF,= CF; — *CF2-CF,-CF2-CF2-+ —  CF,-CF, (OFCB)...uuvvvveeveeeeeeee 1.7
|
CF2-CF,

The HFP and OFCB products form in the gas phase from TFE. The different
reactions for production of TFE, HFP and OFCB have different orders and different
activation energies for the forward and reverse reactions. Equilibrium constants were
calculated for the reactions.®® 5" This falls outside of the scope for this thesis and will
not be discussed here but will be pursued in future work.
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1.5 MAIN CONCLUSIONS FROM THE LITERATURE STUDY AND THE
MARKET REVIEW

After reviewing the literature and market information, the following main conclusions

can be made:

1. Better disposal of PTFE is a matter that needs attention;

2. The current manufacturing of the monomer TFE is via a R22 route;

3. Currently depolymerisation of PTFE is not carried out commercially. Proposals
have been made to depolymerise PTFE by means of steam. This however
creates a lot of downstream products and demands higher integrity of the
plant necessary for depolymerisation;

4. Different reaction mechanisms for the manufacturing of TFE, HFP and OFCB
were proposed by various researchers where TFE is the main
depolymerisation product and HFP and OFCB form as products of secondary
reactions in the gas phase;

5. It was proposed that the depolymerisation process takes place via two
mechanistic routes. These routes are temperature-dependant;®®

6. The depolymerisation of filled PTFE was not mentioned in the literature;

7. Molecular modelling of fluorocarbon molecules, radical species and transition
state species to evaluate the depolymerisation and product formation

mechanism, have not yet been done.

1.6 THE OPPORTUNITY

As discussed in the above-mentioned paragraphs, huge problems exist in the
handling of PTFE waste, but at the same time it creates several opportunities for

new, innovative and creative solutions to the problem.
These opportunities can be summarised as follows:
¢ A method is required to destroy waste PTFE in a safe, and ecological

responsible manner;
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e Current depolymerisation processes are sub-optimal and more research is
required to determine the optimal window of parameters by which PTFE can
be depolymerised;

e The output in terms of the production of valuable downstream fluoro-chemical
products and the consequent recovery of expensive fluorine values, has to be
maximised;

e A process is needed whereby filled PTFE can also be treated but with a
continuous process;

e A basic, theoretical and fundamental knowledge of the depolymerisation
process in terms of thermodynamic calculations, molecular modelling and
reaction mechanisms is needed in order to have an better fundamental
understanding of the depolymerisation process;

¢ A commercial scale depolymerisation plant, that is based on sound scientific
results and designed according to chemical engineering principles is needed
to address the waste PTFE problem with the ultimate goal to produce high
value intermediate and final fluorochemical products (such as HFP), using
PTFE waste.

¢ A techno-economical feasibility study is needed for the above mentioned
plant.

This study is therefore to present and develop some solutions to the problem of the
handling of PTFE waste and to contribute to the abovementioned opportunities.
These challenges became the driving force behind this study. The purpose and main
objectives of this study will be discussed in more detail in Chapter 2 of this thesis.
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2.1 INTRODUCTION

As indicated in Chapter 1 of this thesis, there exists some clear and definitive
opportunities which justify more research and development. There is firstly a lack of
understanding of the basic knowledge and theoretical background of the
depolymerisation process of PTFE in terms of thermodynamics, kinetics, mechanism
of depolymerisation product formation and molecular modelling. On a more technical
ground, there is secondly the need to develop reliable reactor systems in which
fluoropolymers and more specifically PTFE (filed and unfilled) systems can be
depolymerised on a continuous basis without blockages. According to the literature,
no such systems exist on a commercial basis. The literature reports quite a lot of
laboratory results that were generated on small scale and in batch experiments.
Lastly, the need for a commercial plant to address the problem of PTFE waste, but at
the same time manufactured much needed valuable downstream products, offers a

huge opportunity to be explored.

In this chapter the purpose and scope of the thesis will be outlined. All the aspects
which will be discussed in the following chapters will briefly be mentioned. The thesis
can roughly be structured according to the following three topics: Background,
Science and Technology.

2.2 THE PURPOSE AND SCOPE OF THIS STUDY

The purpose of this study is to address some of the abovementioned aspects, as well
as some of the opportunities outlined in Chapter 1. The approach in this study was
therefore twofold: Firstly to propose additional and complementary mechanisms for
the depolymerisation and product formation of PTFE, and secondly to develop a
reactor able to depolymerise unfilled as well as filled PTFE on a continuous basis as
an industrial solution for a worldwide problem. The main products (TFE, HFP and
OFCB) formed during this process are useable, with HFP the most sought after. It is
therefore the aim to manufacture HFP at the highest yield and with the lowest
concentration of unwanted or toxic by-products (HFE, OFP and PFIB) and to

optimise the window of parameters by which this goal can be achieved.
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It is anticipated to propose a mechanism that is based on what is currently available
in the literature, as well on the results generated in previous work®?*. This

8,35, 44) will include

mechanism, in addition to other reported proposed mechanisms!
the formation of the products carbon, HFE and octafluoropropane (OFP) as they

were experimentally observed in previous work.

In order to qualify the proposed mechanism a variety of analytical techniques was
used, which will be discussed in detail in Chapter 3. Further, thermodynamic
calculations of the equilibrium concentrations of the depolymerisation species and
the Gibbs free energy for the different proposed reaction equations at the
experimental temperature and pressure ranges will be studied. The proposed
mechanism will further be evaluated by molecular modelling of the formation
energies of the different products and the intermediate species. Energy diagrams will
be constructed and a detailed study will be done to determine the preferred reaction
series describing the mechanistic routes towards the observed products. The role of

the F atom in HFE and OFP formation will be evaluated.

An isothermal thermogravimetric study on PTFE depolymerisation will be done. An
attempt will be made to determine the order and calculate activation energy of the

depolymerisation process.

In order to find a scaleable reactor and depolymerisation system that is able to
depolymerise unfilled as well as filled PTFE on a continuous basis, the PTFE as well
as the filler material will be characterised according to particle size, general particle
morphology, type of filler material and the flow properties of hot and cold PTFE in a
rotating kiln. With this information a laboratory reactor system will be designed and
tested. The depolymerisation of different fluoropolymers will also be evaluated with

PTFE as a reference.

In addition to the development of such a reactor system, a concept chemical
engineering design and costing will be done on a system that will be able to
depolymerise 500 kg-h™ filled PTFE on a continuous basis with the aim to produce

HFP as a main product. A detail chemical engineering design, with process flow
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diagrams, mass and energy balances, process and instrumentation diagrams, design
and specification of main equipment, falls however outside the scope of this thesis.
The author is however hopeful that this thesis will stimulate further study in this

regard.

From the available literature, and as discussed in Chapter 1, the depolymerisation of
PTFE always produces a mixture of products and in various ratios.?*2% It is obvious
that these product mixtures have to be separated in terms of main products and have
to be purified of unwanted contamination. Several possible methods can be
investigated in this regard, for example cryogenic distillation, separation by gas
membranes and absorption/desorption techniques. These aspects fall however also
outside the scope of this thesis and can also form a study on its own right.

The kinetics of the depolymerisation reaction of PTFE is also another important

aspect that is recognised by the author. Again it is felt that this very important aspect
can form a study on its own and will only be briefly addressed in this study.

2.3 THE STRUCTURE OF THIS THESIS

The structure of the thesis is divided into three sections namely a background section
a scientific section where research results are reported and a technology section

where different reactors were developed for the depolymerisation of PTFE.

The structure of this thesis is schematically presented in Figure 2.1.

25




The Depolymerisation of Fluorocarbons

Background

Science

Technology

Introduction

(Chapter 1)
Background and literature
review on PTFE and the

depolymerisation thereof

Drop-tube Reactor
(Chapter 4)
A method to study the
primary depolymerisation
products for PTFE at 600 to
900 °C and 5 to 88 kPa

Drop-tube Reactor
(Chapter 4)
A reactor for the continuous
depolymerisation of unfilled
PTFE

Scope and structure
(Chapter 2)
This is an outline of the thesis,

preparing the reader for the rest

Proposed model
(Chapter 5)
Depolymerisation product

formation model based on

PTFE and filler characterisation

(Chapter 9)
Characterisation of PTFE with
regard to ability to be

to come. experimental data depolymerised in a kiln-like
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Equipment and analytical Thermodynamic study Paddle Reactor
methods (Chapter 6) (Chapter 10)
(Chapter 3) Evaluation of the effect of A reactor for the continuous

Discussion of different reactors
and analytical methods used in

this study

thermodynamic parameters

on the proposed model

depolymerisation of filled PTFE

Molecular modelling study
(Chapter 7)
Evaluation of kinetic,
thermodynamic and
structural factors and the

proposed mechanism

Vibrating Reactor
(Chapter 11)
A reactor for the
depolymerisation of various
fluoropolymers including PTFE

Thermogravimetric analyses
(Chapter 8)
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depolymerisation reaction
rate, reaction order and

activation energy.

Commercial Rotating-kiln
Reactor
(Chapter 12)

The proposed industrial scale
reactor for a 500 tpa PTFE
depolymerisation plant. Cost
evaluation and financial
indicators for a plant producing
HFP as saleable product

Figure 2.1: Schematic presentation of the structure of the thesis
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The schematic outlay of the thesis can be explained in more detail as follows:

1. The Background Section: In this section the problems associated with

PTFE waste are identified and discussed. This is followed by a literature
study on the depolymerisation of PTFE and different depolymerisation
processes that have been mentioned in the available literature. From the
literature and market research, certain opportunities were identified that
could be worthwhile for further research. Subsequently, the purpose and
the scope of the study are defined and the structure evolved to address the
anticipated research. The equipment and analytical methods used in the
study and their suitability to satisfy the analytical requirements for the study
was discussed. This background discussion spans Chapters 1, 2 and 3.

2. The Science Section: In this section the different analytical methods will
be employed to analyse the proposed depolymerisation and product
formation mechanism. These methods include a thermodynamic study,
molecular modelling and a thermogravimetric study (Chapters 4, 5, 6, 7
and 8);

3. The Technology Section: The technology section where the different

experimental reactors will be discussed. A fairly simple reactor, the
Drop-tube Reactor, which was able to generate quick results with unfilled
PTFE, was developed and discussed. In order to address the problem with
filled PTFE the filler material, from filled PTFE, will firstly be characterised
after which the Paddle Reactor will be discussed. A Vibrating Reactor for
depolymerising other fluoropolymers will be presented and then a
commercial design solution for the waste PTFE problem will be presented
and discussed. (Chapters 4, 9, 10, 11 and 12).
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2.4 MAIN OBJECTIVES OF THIS STUDY

The main objective of this study is to propose a method to treat and beneficiate
filled and unfiled PTFE waste by producing a high value, sought-after product
namely HFP. In order to optimise the HFP concentration and to understand the
chemistry, a mechanism for the formation of depolymerisation products, based on
PTFE depolymerisation experiments, will be proposed. This mechanism will be
scrutinised and refined by means of scientific reasoning using thermodynamic,

molecular modelling and kinetically based arguments.

Finally an industrial scale system will be proposed and designed based on a cost

analysis and a preliminary techno economic study.

It is realised that in order to develop a complete holistic approach to the very wide
field of the depolymerisation of PTFE, several other important aspects must also be
investigated. This will make this thesis however too comprehensive and falls
therefore outside the scope of this particular study. Each of these can follow a study
in its own right. They are for example:

o Kinetics of the depolymerisation product formation;

¢ Detail chemical engineering design;

e Separation methods of the fluorocarbon products.
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General Description of the Equipment and Analytical
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As indicated in Chapters 1 and 2, the opportunity exists to develop a process
for the continuous depolymerisation of filled and unfiled PTFE and to
manufacture valuable downstream products from the product gas stream. In
order to develop such a process, various types of reactors were envisaged.
The purpose of this chapter is to describe these reactor systems and the
various aspects of the depolymerisation process that they will help understand.
The analytical methods used for characterisation and during experimentation
will also be discussed. Therefore, this chapter is divided into two main parts,
namely the description of the depolymerisation reactors and a discussion of

the analytical technigues that were used.

3.1 THE DEPOLYMERISATION REACTORS

3.1.1 Introduction

In order to understand the depolymerisation process of PTFE, different methods
were used to test different aspects of the process. Tests were performed to evaluate
different fluoropolymer feedstock (filled and unfilled PTFE), to evaluate the residence
time of PTFE inside the reactor, to observe the depolymerisation process inside the

reactor and to test different reactor concepts.

The different types of reactors that were developed are the following:

¢ A Drop-tube Reactor to study the depolymerisation products of unfilled PTFE
on a continuous basis;

« A laboratory scale Rotating-kiln Reactor to observe the mechanical interaction
of hot PTFE with the reactor walls during the depolymerisation process;

¢ A Paddle Reactor for the development of continuous process for the
depolymerisation of filled and unfilled PTFE;

+ A simple Vibrating Reactor to test the depolymerisation of PTFE and compare

it to other fluoropolymers.
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These systems, the reactors and the equipment used to conduct this research will be

described in detail below.

3.1.2 The Drop-tube Reactor

For the depolymerisation process to be tested and to qualify the system and the
depolymerisation  product composition against values reported in the
literature®'% #2493 Drop-tube Reactor was developed. This reactor system that was
able to depolymerise unfiled PTFE on a continuous basis, producing useable high-
value monomers, was designed and developed during this study. A picture of this
reactor is shown in Figure 3.1 and schematically presented in Chapter 4,

Figure 4.1.

P Quartz tube ‘
|
|
|

Graphite reactor

ESEEED
‘ —p
i |

RF Working Coil

Figure 3.1: The Drop-tube depolymerisation Reactor

The process can be described as follows: The PTFE that is to be depolymerised, is
fed via a feed hopper from the top into the graphite reactor that is situated inside a
quartz tube within the working coil of a radio frequency (RF) generator. The RF
generator heats the graphite reactor and the PTFE is depolymerised at certain

temperatures that could be changed by adjusting the power of the RF generator. The
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product gases that evolved were quenched downstream by means of a rotating
continuous self cleaning quench probe, before it was analysed by a gas
chromatograph. This quench probe was made up of double annular water cooled
concentric tubes. This type of quenching method was chosen because it doesn't
contaminate the product mixture as would be the case with a gas/gas or a gas/liquid
quench method. The annular quench was designed to quench the depolymerisation

product at a high quench rate of up to 1x10° °C-s™.652

In order to be able to develop reaction mechanisms the Drop-tube Reactor was used.
Because of its short residence time, only primary products TFE, HFP and OFCB
were formed. The reactor has a great flexibility with respect to temperature and
pressure; however it can not be used for depolymerisation of filled PTFE. A 100 tpa
PTFE depolymerisation system has been tested. The results of all the experiments

conducted on this system are presented in Chapter 4.

Repeatability and precision

In order to evaluate the repeatability and the precision of the experimental data, the
average of 3 analyses of the product gas, for the experiments performed between
600 to 900 °C and at different pressures (ca. 10, 20, 50 and 80 kPa), were used.
Table 3.1 shows the average, repeatability and precision of three analyses performed

at similar experimental conditions.

Table 3.1: Repeatability and precision of depolymerisation data at 600 °C and

5 kPa
T P C,F¢ C-F, CiFs CsFy c-C,Fg PFIB Total gas
°C)  (kPa) (%) (%) (%) (%) (%) (%) yield
(%)
600 5 ND 94.0 5.3 ND 0.6 ND 99.9
615 5 ND 93.9 5.2 ND 08  ND 99.9
606 5 ND 93.8 5.4 ND 06 ND 99.8
Average 607 5 ND 93.9 5.3 ND 07 ND 99.9
Standard 75 0 0.1 0.1 0.1 0.05

deviation
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The standard deviation of the analytical data points for TFE, HFP and OFCB is 0.1
for all the analyses, and for the temperature it was 7.5. This indicates a good
repeatability of the system, the analytical sampiing and GC analysis. The standard
deviation for OFCB was also 0.1 %. This is an indication that a fault of 14 % can be
made as appose to a 0.1 % fault for TFE. As OFCB is a minor product for these
experimental conditions, even a 14 % fault will not influence the final average product
mixture significantly. The temperature control of the reactor is good as only a ~1 %
temperature difference was measured. The remainder of data points presented in
Chapter 4 were calculated in similar fashion. All the data reported in this thesis, was

the average of at least three analytical results.

3.1.3 The Laboratory Rotating-kiln Reactor

The flow properties of filed PTFE under high-temperature conditions were
investigated by visually observing the depolymerisation process in a laboratory scale
Rotating-kiln Reactor. At the beginning of this study, the hypothesis was made that
when PTFE is depolymerised, it might undergo different physical phases. Upon
heating it is proposed that the phase changes from a solid phase polymer, through a
viscous semi-liquid phase to eventually be vaporised. Should the PTFE stick to the
walls during depolymerisation, it would be difficult to use a tubular reactor, because
the bad heat transfer properties of PTFE may cause incomplete depolymerisation
and eventually lead to blocking of the reactor. For this experiment a 100 mm long, 50
mm diameter, open-ended stainless steel kiln reactor was used to observe the flow of

PTFE at the depolymerisation temperature (See Figure 3.2).
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Figure 3.2: Schematic presentation of a set-up used to visually observe the

depolymerisation of PTFE in a rotating reactor

The kiln was positioned inside a muffle oven where the reactor was heated to the
desired temperature. A thermocouple was inserted into the reactor and positioned

against the inner wall in an attempt to measure the wall temperature directly.

This system was operated inside a well-ventilated fume cupboard because of the

toxicity of some of the envisaged gaseous depolymerisation products.

The kiln temperature was increased from ambient temperature to a temperature of
600 °C over a two-hour period. When a temperature of 400 °C was reached, a 5 ¢
glass fibre-filed PTFE sample was introduced into the front end and the
depolymerisation process observed as the temperature increased. While rotating the
kiln the glass fibre-filled PTFE was completely depolymerised and the residue (filler)
was discharged at the lower end. The experiment continued until no PTFE was left

inside the reactor. These resulfs are discussed in Chapter 9 of this thesis.

3.1.4 The Paddle Reactor

Tests with filled PTFE in the Drop-tube Reactor could only be conducted in a batch
mode because the reactor gradually filled up with filler material that cannot be
depolymerised. Therefore, during this study a reactor was designed for the
continuous depolymerisation of unfilled as well as filled PTFE. This required a system
where the depolymerisation of PTFE wouid be able to take place inside a kiln-type
reactor and that the filler material could be successfuily and continuously be
separated from the depolymerisation gas. It was also unsure if the filler material
(the un-depolymerised residue) would stick to the sides of the reactor with

subsequent bad heat transfer properties and eventually failure due to blockages.

The reactor that was designed to address these possible foreseeable problems is
shown in Figure 3.3a. It consisted of a kiln (tube) and paddles on the inside thereof to
conduct a continuous scraping action against the inside of the reactor wall. The
reactor and paddle screw were made of Inconel 600 to be chemically resistant at

elevated temperatures, and had an inside diameter of 150 mm and a length of 1
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meter. The tube had an inlet at the top of the feed-side and two outlets at the top and
bottom of the discharge-side, as schematically presented in Figure 3.3b. A screw
feeder supplied PTFE continuously from a hopper to the inlet of the reactor. A
quench probe was mounted onto the top outlet of the reactor. The Paddle Reactor
can be operated at temperatures of up to 800 °C and pressures in the range of 10 to
100 kPa. In order to be able to perform the research under reduced pressure

conditions the following measures were taken:

» The whole reactor system was designed to be air tight;

e A vacuum pump was installed at the outlet of the system after the filter;

o The filler residue was accumulated in situ through the bottom outlet of the
reactor. The filler collection bin was designed to collect filler material on a
continuous basis for a period of 8 hours (1 working day) before it needed to be

emptied.

PTFE feeder

Paddle reactor
with heaters

Quench probe

Filler collection bin

Figure 3.3a: Paddle Reactor operated by a technician
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Figure 3.3b: The Paddle Reactor system that was used for the continuous

depolymerisation of filled PTFE

Two externally mounted heaters (not shown in Figure 3.3b), were clamped around
the reactor, and supplied a maximum of 6 kW of energy to the system. Temperature
controlters controlled the energy input in order to sustain the pre-set temperature.
The temperature of the reactor outer wall was measured by means of a type K

thermocouple.

The centrally mounted paddle screw consisted of two parts, namely a short screw
below the feeder inlet (not shown), while equally spaced paddles at right angles to
one another, occupied the rest of the axis. The paddles cleared the reactor wall by a
small margin to transport the PTFE and filler material through the reactor and to
increase the area of contact between the PTFE and the hot reactor wall. The
scraping action of the paddles against the wall prevented the filler residue from
sticking to the wall and blocking the reactor, and also increased the heat transfer
between the PTFE and the hot wall. The reactor was mounted onto a stand, the

angle of which could easily be adjusted.

Thus two experimental series were performed in order to gqualify the reactor for the
depolymerisation process. The first was the determination of the residence times of
PTFE at different reactor conditions in order to optimise the depolymerisation

efficiency, and the second was to convert such a reactor into a depolymerisation

36



system to depolymerise unfilled as well as filled PTFE for extended periods of time.
The results of all the experiments conducted on this system are presented in Chapter
10.

3.1.5 The Vibrating Reactor

The depolymerisation of other flucropolymers was evaluated in a Vibrating Reactor
using clean, unfilled PTFE as a reference. This reactor is shown in Figure 3.4 and
was used because of its simplicity and simple maintenance. The property difference

between PTFE and the other fluoropolymers could cause experimental difficulties.

g 40 I
rQuencI? probe

Vibrator

Figure 3.4; Vibrating Reactor

Filled and unfilled PTFE were depolymerised in this reactor for fluoropolymers such
as Perfluoroalcoxy (PFA), Fluorinated-Ethylene-Propylene (FEP), Ethylene-
Tetrafluoroethylene copolymer (ETFE), Hexafluoropropylene-Tetrafluoroethylene-
Ethylene  copolymer (HTE) and  Tetrafluoroethylene-Hexafluoropropylene-
Vinilidineflueride (THV). The reactor consisted of a 50 mm diameter, 500 mm long
stainless steel pipe and was heated by means of a 20 kW radiofrequency induction
generator, The polymer was fed into the reactor by means of a screw feeder. A
vibrator that was fixed to the outlet side of the reactor propagated the PTFE through

the reactor for the depolymerisation process. Inert solid residue was accumulated
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and the product gas quenched before analysis as with the Paddle Reactor. These

results are presented in Chapter 11,

3.2 ANALYTICAL METHODS

3.2.1 Introduction
In order to characterise the PTFE feed samples, the filler materials and the

depolymerisation products, a variety of analytical instrumentation was used.

With regard to the feed material, it was important to determine the size, quantity,
morphology and type of filler material that is encapsulated inside the PTFE. This can
have a major effect on the depolymerisation system if the filler material cannot

withstand the depolymerisation conditions.

The different analytical methods used, and their applicability to this study, will be

discussed below.

3.2.2 Gas Chromatography

General background of gas chromatography

Chromatography is one of the most widely-used methods for separating
closely-related chemical species. In addition it can be employed for qualitative as well

as quantitative determination of the separated species.

A gas chromatograph consists of an injection port where a gas sample is injected into
a separation column. This column is situated inside a temperature-controlled oven
and separates the sample into its constituents. The separated species are identified
by means of a detector at the outlet of the column. Different types of columns
(e.g. packed and capillary columns) and detectors (e.g. FID, TCD, etc.) can be used

depending on the application and the species to be separated and detected.®* >
A gas sample is injected into an inert gas stream (usually helium) which is called the

mobile phase that constantly flows through the stationary phase of the column. The

stationary phase of a packed column can consist of any one of a wide variety of
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separating media, for example, zeolites, graphite, alumina and inert solids with an
active chemical deposited onto the surface. When the mobile phase with the sample
flows over the stationary phase, certain species are retained longer inside the column
than others. This gives rise to the separation of the different species in the sample
mixture. Separation can take place according to two different mechanisms and the
separation columns can generally be divided into two main groups, namely active
and inactive columns. Active columns separate the sample according to the charges
on the molecule. Molecules with different charges will be retained differently inside
the column.

Inactive columns separate the sample according to the physical size of the different
species inside the sample mixture. For example in an inactive column a gas like CF4
will elute before C4Fs, because C4Fs is a larger molecule. The time it takes for a
species to pass through a column is called the retention time. The retention time is
dependant on many variables like the mobile phase flow rate, column temperature,

type of stationary phase, length of the column and matrix of the sample.

CF,
CsFs

s CoF4 CaFo

C-C4 Fs

- 0.55 Alr

PFIB
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h R 19 F 14

Fimte - Minnies

Figure 3.5: A chromatogram of the specially prepared standard that was used
in this study to calibrate the GC
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Instrumentation

During this study a Varian 3600 gas chromatograph was used which was equipped
with a Haysep N, 2 meter packed column from Scientific Supply Services cc. The GC
was equipped with a thermal conductivity detector (TCD) and He was used as the
mobile phase. The signal from the detector was analysed by means of Chrompack
commercial software (from Scientific Supply Services cc) and a chromatogram was
produced for each analysis. The integrated peak area for each peak was used for

quantification purposes.

The suitability of gas chromatography for this study

The products to be analysed for in this study were gaseous fluorocarbon compounds
including CF4, CoFs, CoF4, CsFs, c-C4Fg and PFIB. A typical gas chromatogram of a
gas mixture containing this variety of perfluorinated compounds that were analysed
during this study is shown in Figure 3.5. The retention times and calibrated identities
for each of the compounds are indicated on top of each peak. In this study the
response factors of the detector were not calculated and the area under the peak

was used as the measurement of concentration.

Method

The sample was continuously flushed through a six-port valve, which was connected
inline to the process, and a sample was pneumatically injected into the injection port
of the GC. The temperature of the injection port was controlled at 120 °C. The GC
was programmed with a temperature program where the temperature was increased
from 80 to 140 °C within the first two minutes and then the temperature was
regulated at 140 °C for 8 more minutes. All of the depolymerisation products eluted

within 12 minutes.

The GC was calibrated by a standard, especially prepared by Pelindaba Analytical
Labs, which is an accredited analytical laboratory. The calibration results are
presented in Table 3.2. Peak identification was conducted and confirmed with a mass

spectrometer (See Section 3.2.3 for more detail).
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Table 3.2: Calibration results of the GC for the specially prepared standard

Peak No. Component Retention Prepared Integrated

time concentration peak area
(min) (Vol %) (Vol %)

1 Air 0.56 2 2.01

2 CF4 (TFM) 0.77 10 10.45

3 C,Fe¢ (HFE) 1.90 15 16.13

4 CoF4 (TFE) 2.46 15 16.76

5 CsFe¢ (HFP) 7.38 40 37.41

6 c-C4F3 (OFCB) 9.88 15 13.53

7 C4Fs (PFIB) 11.65 3 2,82

These values are not corrected, but the analyses during experimentation were

corrected for air because it does not participate in the depolymerisation reactions.

3.2.3 Gas Chromatography/Mass Spectrometry (GC/MS)

General background of GC/MS®®

Mass spectrometry (MS) is an analytical technique whereby components of a sample
are bombarded with an electron beam, converted into rapidly moving gaseous ions
and separated by means of their mass-to-charge ratio. This enables a sample to be

analysed in terms of, for example:

1. Qualitative and quantitative information on organic as well as inorganic
complex mixtures;
Information on the structure of a wide variety of complex organic species;
The isotopic ratios of atoms in samples;
The structure and composition of solid surfaces.

The block diagram in Figure 3.6 shows the main components of a mass

spectrometer.
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Figure 3.6: The main components of a mass spectrometer

In the case of the GC/MS, a GC is used to separate the product mixture before each
compound (identified by the particular peak) is injected into the mass spectrometer. A
30 m CP-PoraPlot-Q 0.32 mm capillary column (by SMM cc) was used inside the GC.
In the GC/MS configuration, it can be said that the mass spectrometer acts as a
sophisticated detector for the GC.

The inlet system and the ion source are usually combined into one component. One
micromole or less of the sample is introduced into the inlet system. In the inlet
system solids and liquids are evaporated and fragmented into gaseous ions by
bombarding the evaporated product with electrons, ions, photons or molecules. The
ionised gas enters the mass analyser and gets separated by means of the mass
analyser, according to their mass-to-charge ratio. The data from the mass analyser is
then converted into an electrical signal by the detector and the readout gives a mass
spectrum. Figure 3.7 is a presentation of the mass spectrum for OFCB. Each of the
lines represents the mass number of a fraction of the sample molecule. The height of
the lines represents the abundance of these fractions. Every molecule has, for this

reason, a unique fingerprint spectrum.
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Figure 3.7: The mass spectrum of OFCB

The use of GC/MS in this study

The mass spectrometer was used in this study to identify the different species that
formed during the depolymerisation process of PTFE and also for calibration
purposes. Once the different peaks have been identified, the in-line GC that was
used on the systems was calibrated accordingly. The GC/MS used during this study
was a Hewlett Packard (HP 5970 quadropole mass spectrometer and a HP 5890
GC). The GC was fitted with the same capillary column and it was programmed with
a temperature program to optimise the peak separation efficiency of the column. The
temperature program used started at 25 °C and was linearly increased to 140 °C

within 20 minutes.

3.2.4 Thermogravimetric Analysis (TGA)

General description of Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is widely used in determining mass loss from solid
samples when heated to a specific temperature.®® The percentage mass loss as a
function of temperature or time is generally the output that is obtained. The
degradation rate, under a specific atmosphere and at a specific temperature, can
also be measured by this method. A brief description of the operation of the

instrument follows.
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Instrumentation

A Perkin Elmer PGS2 TGA instrument was used during this study. The instrument
used was a counter-balance instrument with the sample holder and furnace
contained within a quartz tube. The sample is positioned in a platinum pan supported
by a platinum stirrup, which hangs inside the furnace. The furnace is designed for
high heating and cooling rates and good thermal coupling to the sample. After a
sample is loaded, it is counter-balanced and zeroed in order for the mass loss to be
measured. The furnace was continuously purged with nitrogen gas when samples
were being heated to prevent oxidation and to flush gaseous residue, resulting from

heating, before they can disturb or contaminate the balance mechanism.

Technique
In order to accurately determine decomposition temperatures of the PTFE samples,
the increment by which the instrument increases the temperature must be very small,

typically 1 to 5 °C-min™". In this study ~5 mg samples were used.

In this study TGA was used as a method to accurately determine the amount of filler
in a filled PTFE sample and to determine the depolymerisation kinetics (Chapter 8).
This is a very important aspect of this study because the filler (residue that will be left
over after depolymerisation) will be a waste product that needs to be disposed of. In
commercially available PTFE, the filler content is generally less than 30 %. The
following samples were used and were obtained from an industrial supplier: Bronze-
filled, graphite-filled and glass fibre-filled PTFE.

Figure 3.8 is a typical thermo-analytical curve with a first derivative of the weight loss
for a PTFE sample that was filled with a residue. In this specific example, the TGA
results showed that the amount of filler in the sample was 26.72 %. The
depolymerisation started at 540 °C, showed a maximum rate at 590 °C and was
completed at 600 °C. The filler contained inside the PTFE does not take part in the

depolymerisation reaction and remains un-reacted in the instrument.
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Figure 3.8: A thermogram of the filler content determination and

depolymerisation temperature of graphite-filled PTFE

TG analyses resuits of the unfilled and filled PTFE as well as the difference in
depolymerisation temperature between THV, ETFE, PFA and filled PTFE will be

discussed in Chapter 9.

The PTFE depolymerisation rate at different isothermal temperatures was analysed.

This data will be discussed and analysed in Chapter 8.

3.2.5 Scanning Electron Microscopy {SEM)

Background information on scanning electron microscopy

In an electron microscope a sample is bombarded with electrons from an electron
gun. This bombardment of the sample surface produces secondary electrons that are
detected by a photomultiplier tube, amplified and projected onto a screen. The

bombarding electrons also cause X-rays to be emitted by the sample. These X-rays
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can be used in determining the atomic composition of the sample. This technique is

called electron diffraction X-ray spectroscopy (EDX).

Instrumentation and methodology

In this study a SEM with an electron diffraction X-ray detector coupled to it was used
to determine the type and morphology of the fiiler in filled PTFE. A Phillips XL20 SEM
that was equipped with a heating stage was used in this study. The EDX was used to
determine the elemental composition of the filler material. This information can be
used to determine if the filler material can withstand the depolymerisation process

conditions.

For visual observation of the depolymerisation of PTFE on the micro scale, the SEM
was used in the low vacuum mode with the heating stage for microscopy in the so-
called ESEM mode. With the ESEM mode, a small quantity of glass fibre-filed PTFE
was depolymerised with the heating stage, starting at a temperature of 450 °C. As
the polymer was slowly heated the depolymerisation process was observed and
recorded in situ on the computer.®® A copy of this is included at the back cover of
this thesis. To access the video the file "Depolymerisation” must be opened with
Windows Media Player. As the depolymerisation process is slow in the beginning, the
viewer is recommended to fast forward it to near the end. These observations are

explained in Chapter 9.

A typical electron diffraction X-ray (EDX) analysis of glass fibre-filled PTFE is
presented in Figure 3.9. From these results it could be deducted that the filler could
possibly be CaSiO; with some impurities. Some fiuorine was detected on the filler
surface. This might be the resuit of incomplete depolymerisation. This observation is

further discussed in Chapter 9.
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Figure 3.9: EDX analysis of glass fibre-filler

Figure 3.10 is a SEM image of glass fibre-filler, after depolymerisation, taken at
1000 x magnification. This filler is in the form of small needle-like particles of 10 um

in diameter and some more than 100 ym in length.

X
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Figure 3.10: A SEM image of glass fibre-filler after depolymerisation

When the image is analysed it is observed that fine particular matter is still present
on the fibre surface, which means that all of the polymer did not depolymerise
completely. This observation was confirmed with experiments where the
depolymerisation efficiency was determined. This is un-depolymerised PTFE. It is
also observed that the filler does not only contain needle-like fibres, but also contains
fine particular matter of ~20 pm and smaller. More images will be discussed in
Chapter 9.
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3.3 CONCLUSIONS

» Four different reactor systems are used to study and prove different aspects of

the depolymerisation of PTFE and other fluoropolymers. These are:

O

o

Depolymerisation of unfilled PTFE in a Drop-tube Reactor (Chapter 4),
Visual observation of the depolymerisation process using a laboratory
scale Rotating-kiln Reactor (Chapter 9);

Depolymerisation of unfilled and filled PTFE using a Paddle Reactor on
a continuous basis (Chapter 10);

Depolymerisation experiments evaluating other fluoropolymers using a

simple Vibrating Reactor (Chapter 11).

¢ A variety of analytical methods are used to analyse the different samples

(depolymerisation gas and solid particles) most effectively. These are:

&

o

GC to analyse the gaseous product on an in-line basis,

GC/MS to verify the GC analysis of the gaseous products on an ad-hoc
basis;

TGA to measure the depolymerisation temperature of different
fluoropolymers as well as the different filled PTFE samples. TGA was
also used to determine the quantity of filler material in the filled PTFE
samples. This method was further used for iscthermal depolymerisation
in order to determine the rate of the depolymerisation process at
different temperatures and the activation energy;

SEM to visually observe the morphology of the filled PTFE samples as
well as the filler material before and after it was used in PTFE. In the
low vacuum mode (ESEM) with a heating stage the depolymerisation

process of glass fibre-filled PTFE was recorded in situ.

The results obtained by means of these analytical techniques are presented in detall

in the following chapters, where the specific research and the development on the

different reactors and the parameters that were investigated, are presented.

48



Chapter 4

The Depolymerisation of Unfilled PTFE in a Drop-Tube
Reactor

4.1.Introduction
4.2, Description of the depolymerisation equipment
4.2.1. Experimental setup
4.2.2. The process
4.2.3. The continuous feeding system
4.2.4. The Drop-tube Reactor
4.2.5. The quench probe
4.2.6. The vacuum system
4.3. Experimental method
4.4. Results and discussion
4.4.1. The formation of TFE
4.4.2. The formation of HFP
4.4.3. The formation of OFCB
4.4 4. The formation of HFE
4.4.5. The formation of other products
4.4.6. Local maxima for the main products TFE, HFE, HFP and OFCB

4.5. Conclusions

I J. Van Der Walf, O. S. L. Bruinsma,
Depafymerization of clean unfilled PTFE waste in
a continuous process, Journal of Applied
Polymer Science, 102, 3, 2752 — 2759 (2006).




4.1 INTRODUCTION

As indicated in Chapter 1 and 2, the depolymerisation of unfiled PTFE waste by
means of a continuous process was described by Van der Walt and Bruinsma'#*?%
and applied by Necsa. However, much more investigation was needed to optimise
this process and these investigations will form the basis of this chapter. This process
was patented in 2002.%% In this chapter the depolymerisation system, the
Drop-tube Reactor, will be described and the experimental results, generated within
an experimental window, between ~5 to ~80 kPa (abs) and between ~600 to ~900 °C

will be presented.

4.2 DESCRIPTION OF THE DEPOLYMERISATION EQUIPMENT

4.2.1 Experimental setup
A schematic diagram of the Drop-tube Reactor is presented in Figure 4.1. It is also
described in Chapter 3, Paragraph 3.1.2. No carrier gas was used in the process,

resulting in higher purity products and therefore simplifying the separation process.
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Figure 4.1: Schematic presentation of the Drop-tube system

A radio frequency (RF) power supply (induction generator) was used as a heating

source. The energy efficiency of the induction generator was > 80 %. The RF
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generator was operated at a frequency of 800 kHz and a maximum of 10 kW power
could be applied. The main reason for using RF induction as a heating source was
the advantage of quick start-up and shut-down times, and the quick response time for

in situ temperature changes.

The Drop-tube Reactor consisted of a graphite crucible situated inside a quartz tube
as described in Chapter 3 (Figure 3.1). This reactor was positioned inside the
working coil of the induction generator which heated the reactor homogeneously in a

relatively short time period (5 to 10 min) to the required operating temperature.

4.2.2 The process

The PTFE granules were continuously fed via a screw feeder into the reactor, where
it was depolymerised. The product gas was evacuated through an automated
self-cleaning quench probe, attached to the top of the reactor. A Gortex PTFE bag
filter was used to remove any fine particulates that might still be present in the
product gas stream after quenching. The product gases were analysed on-line with a

gas chromatograph (GC).

The following equipment needed for the continuous Drop-tube Reactor system will be
discussed: the continuous feeding system, the depolymerisation reactor and the

quench probe.

4.2.3 The continuous feeding system
Consistent transport of the PTFE into the reactor is an important operating criterion.

The feed rate of the PTFE must be carefully controlled to correlate with the capacity
of the system and the amount of energy being supplied by the RF generator. An

excessive feed rate can result in the reactor being blocked.

PTFE waste (shavings, off-cuts, used parts, etc.®”) comes in a wide variety of
different shapes and sizes. These physical differences make it difficult to feed PTFE
waste at a consistent continuous rate by means of a screw feeder. This problem was
overcome by compressing the scrap PTFE at an elevated temperature (~450 °C) into

billets and then granulating it into roughly equal-sized particles of 1 to 2 mm (Figure
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4.2). These granulated particles were free-flowing and could easily be fed by the

screw feeder without any blockages occurring.

Figure 4.2: Granulated PTFE particles (Units in cm)

In this system, PTFE was continuously fed to the screw feeder from a hopper that
was connected to the top of the screw feeder body with a vacuum seal. This is

schematically presented in Figure 4.3.
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Figure 4.3: Schematic presentation of the PTFE feed system
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A variable speed motor was used to regulate the rotating speed of the feeding screw.
The reactor was situated below the feeder interface and the quench probe above,
while the feeder inlet protruded from the side (see Figure 4.3). The feeder was
calibrated according to the speed of the motor and was able to feed between 0.5 and
5 kg-h™'. Because of the size and the design, the reactor was able to depolymerise a
maximum of 2 kg-h'1 PTFE on a continuous basis, which falls within the range of the
feeder. Experiments at higher feed rates were performed, but blockages occurred
because of droplet formation as a result of a high depolymerisation gas flow rate

inside the reactor.

4.2.4 The Drop-tube Reactor
The Drop-tube Reactor consisted of a cylindrical graphite crucible (200 mm in length,

63 mm outer diameter and with a 5 mm wall thickness), situated inside a quartz tube
(300 mm in length and 70 mm outer diameter with a 3 mm wall thickness). This
reactor was situated inside the waorking coil of the RF generator as presented in
Figure 3.1. The quartz tube enabled visual observation of the depolymerisation
process inside the reactor as well as optical temperature measurements. The
temperature of the reactor was measured by means of a Minclta Land Cyclops
infrared optical pyrometer, suitable to measure temperatures between 600 and
3000 °C. According to the suppliers of this instrument, the temperature measurement
was accurate within 0.5 %. The pyrometer was situated at a right angle to the reactor

wall for temperature measurement in the middle of the wall.

4.2.5 The quench probe
Rapid quenching (up to 10° °C:s™ as discussed in Section 3.1.2) is a very important

process step to ensure high yield (> 93 %) of TFE, one of the primary products. This
was achieved by means of an annular water-cooled, double-tube, self-cleaning
quench probe (Figure 4.4). The quench probe consisted of an inner and outer
annulus with scrapers. During operation the inner annulus was continuously rotated
tangentially backwards and forwards with respect to the outer annulus. Any solid
particles that deposited or re-polymerised on the walls of the quench probe were

scraped off and fell back into the reactor, or were removed from the gas stream by
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the filter. The vacuum system ensured transfer of the product gas through the

annulus of the probe.
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Figure 4.4: Schematic diagram of the quench probe

4.2.6 The vacuum system
A dry vacuum pump (Varian Star, 25 m3-h'1) was used to achieve the reduced

pressures inside the reactor, as indicated in Figure 4.1. A dry pump was used to

prevent the product from being contaminated with vacuum oil.

4.3 EXPERIMENTAL METHOD

A summary of typical experimental conditions for the continuous depolymerisation
laboratory system is presented in Table 4.1. The system was operated continuously
for 24 hours with in-line analyses performed at 30 minute intervals. Due to the
complexity of the system, only one experiment per day could be performed. This
caused the amount of experiments that were done to be stretched over a long period

of time (1 year).
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Table 4.1: Typical experimental parameters for the depolymerisation of
unfilled PTFE in the Drop-tube Reactor

Parameter Value
Power (KW} 1.82 t0 5.04
Pressure (kPa (abs)) 5 to 80
Temperature (°C) 600 to 900
PTFE feed rate (kg-h™) 2.0

Energy input (MJ-kg" PTFE) 33t09.1

Depending on the required temperature, the electrical power supplied to the system
varied between 1.82 and 5.04 kW. The feed rate of the PTFE was fixed at 2 kg-h™.
An operational window, with respect to the temperature and pressure was chosen to
perform the experiments in. The temperature window ranged from ~600 to ~900 °C
and the pressure window between ~5 and ~80 kPa (abs.). The specific energy input

for this system was calculated to be between 3.3 and 9.1 MJ-kg™.

44 RESULTS AND DISCUSSION

The depolymerisation product mixture invariably contained TFE, HFE, HFP and
OFCB as the main products. When the depolymerisation parameters were kept
constant, the concentration of the products, as determined by the on-line GC, varied
by less than 5 %. During this 24 hour cycle no blockages occurred at a feed rate of
2 kg'h™'. As calculated for the Drop-tube Reactor, with a PTFE feed rate of 2 kg-h™,

the gas residence time was ~2 s. This calculation is explained in Appendix 1.
A summary of the experimental results is presented in Tables 4.2 to 4.5 and in

Figures 4.5 to 4.8. The standard deviation for these results is 0.1 % for the species

concentration and 7.5 % for the temperature.

55



Table 4.2: Product gas composition at ca. 600 °C and increasing pressure as
determined by GC (Vol %)

T P Feed Power GC.,Fy C,Fs CiFg CiFs c-C,Fg PFIB Total gas
(*C) (kPa) rate (kW) (%) (%) (%) {%) (%) (%) yield
(kg-h™) (%)
607 5 20 1.82 ND 939 53 ND 0.7 ND 99.9
611 8 2.0 1.82 ND 935 586 ND 0.7 ND 99.8
609 16 20 1.82 ND 904 80 ND 15 ND 899
612 17 2.0 1.82 ND 881 9.3 ND 25 ND 99.9
603 22 2.0 1.82 ND 790 126 ND 8.3 ND 99.9
612 21 20 1.82 ND 814 124 ND 6.0 ND 99.8
603 52 2.0 1.82 ND 698 167 ND 13.4 ND 99.9
604 51 20 1.82 ND 703 165 ND 13.2 ND 100.0
623 82 20 1.82 ND 587 207 ND 204 ND 99.8
631 84 2.0 1.82 ND 550 224 ND 22.4 0.05 99.8

ND = Not Detected

Table 4.3: Product gas composition at ca. 700 °C and increasing pressure as
determined by GC (Vol %)

T P Feed Power C,F; C,F, Ci;F; CiF; c¢-C,F; PFiB Total gas
{°C) (kPa) rate (kW) (%) (%) (%) (%) (%) (%) yield
(kg'h™) (%)
701 5 20 24 ND 926 41 ND 31 0.2 100.0
704 9 2.0 2.4 ND 872 63 ND 6.4 0.1 100.0
706 14 20 24 ND 811 9.1 ND 9.6 0.1 99.9
713 14 20 24 ND 814 92 ND 8.9 0.3 99.8
708 20 20 2.6 ND 645 198 17 13.8 ND 99.8
706 21 2.0 26 ND 759 135 ND 10.4 ND 99.8
717 53 2.0 28 ND 451 318 tA1 21.3 0.4 99.8
715 53 20 26 g7 386 385 13 19.0 0.5 99.6
720 82 20 2.6 1.8 181 480 3.2 27.5 1.1 997
720 82 2.0 26 24 235 453 1.7 251 1.7 99.7

ND = Not Detected
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Table 4.4:

Product gas composition at ca. 800 °C and increasing pressure as
determined by GC (Vol %}

T P Feed Power C,Fy C;Fy CsFg CiFg c-C4Fz  PFIB Total gas

(°C) {kPa) rate (kW) (%) (%) (%) (%) (%) {%) yield

(kg-h™) (%)
805 5 20 3.66 06 893 57 ND 42 0.1 99.9
809 g 2.0 3.66 07 8t1 120 02 6.1 0.5 99.9
806 11 20 3.66 08 765 159 03 6.2 0.1 99.8
815 14 2.0 3.66 09 837 281 06 6.3 0.2 99.8
813 14 20 3.66 05 633 326 08 24 0.2 998
827 21 2.0 37 33 300 599 26 3.5 0.4 99.7
825 21 20 37 23 329 570 20 51 0.5 99.8
812 56 20 3.99 169 139 582 863 34 09 99.6
817 52 20 3.99 158 148 606 50 27 0.8 99.7
801 82 2.0 356 118 17.0 587 43 71 1.0 99.9
805 82 2.0 3.56 9.0 128 610 45 10.7 1.7 997

ND = Not Detected

Table 4.5: Product gas composition at ca. 900 °C and increasing pressure as
determined by GC (Vol %)
T P Feed Power CF, GC.Fy C,F, Ci3Fs GCsFy c-CiF3 PFIB  Total gas

(°C)  (kPa) rate (kW) (%) (%) (%) (%) (%) (%) (%) yield

(kg-h") {%)
901 5 3.0 5.84 ND 05 802 161 ND 3 0.1 99.9
923 10 3.0 5.84 ND 04 785 179 0.1 2.4 05 99.8
927 9 3.0 5.84 ND 03 779 192 02 2 0.2 99.8
904 15 30 5.84 ND 06 721 223 03 3.9 0.7 99.9
902 17 3.0 5.84 ND 05 705 245 05 3.7 ND 99.7
907 20 3.0 5.84 ND 08 635 310 04 39 0.1 99.7
a0t 52 3.0 584 63 732 44 112 089 31 0.9 100.0
923 55 3.0 5.84 78 771 33 101 08 0.5 0.1 99.7
927 55 3.0 5.84 50 719 42 173 11 ND 0.2 99.7
904 83 3.5 5.84 ND 42 681 187 09 7.8 ND 99.7
902 83 35 5.84 ND 39 679 187 1.0 8.3 ND 99.8
903 82 35 5.84 ND 38 683 192 09 7.6 ND 99.8

ND = Not Detected
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From these tables it is clear that TFE, HFP and OFCB are the main products of the
depolymerisation of PTFE. The product HFE, although a major product at 900°C and
50 kPa, is a by-product as it does not have a significant commercial value. The
products OFP and PFIB are low yield by-products at the depolymerisation conditions
of the Drop-tube Reactor.

These preducts will be discussed in more detail by focussing on the maximum
production rate conditions for the products that were analysed. A computer program
called Axum 5.0B for Windows by Mathsoft, Inc. is used for the graphical
presentation of the analytical data as a function of temperature and pressure. Axum

uses the Marquardt-Levenberg nonlinear least squares algorithm to fit the curves.

441 The formation of TFE

When Figure 4.5 is analysed it is observed that in order to obtain a high TFE vield
(volume %), two different experimental conditions can be applied: For yields of
> 90 % TFE, a temperature of ~ 600 °C and a pressure of < 10 kPa, is needed. This
high yield at low pressure gradually decreases with increasing temperature. Another
high vield area at a temperature of 920 °C and a pressure of > 80 kPa is observed. At
a temperature of 920 °C and ~ 50 kPa the TFE yield decreased to betow 3.4 %. This

might indicate the formation of other products, for example HFE and OFB.
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Figure 4.5: Concentration of TFE formed as a function of temperature and

pressure

The high TFE yield found at low pressure and at 600 °C is in line with literature!"".
This can be contributed to the depolymerisation process of PTFE. While it generally
seems as if the TFE yield from the depolymerisation process is inversely proportional
to the reaction temperature, another maximum for TFE production can be observed
at ~900 °C and ~80 kPa which might indicate another mechanism at the high

temperature conditions.
Obviously it is important to know what other compounds are formed at conditions

where the TFE yield is low and also what impurities are present in the high TFE-yield

regions.
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4.4.2 The formation of HFP

Figure 4.6 is a presentation of the HFP yield over the temperature and pressure
window. For maximization of the HFP yield, two experimental conditions could be
identified. A sharp maximum of 64 % HFP was observed at a temperature of
> 800 °C and a pressure of ca. 20 kPa. A much broader maximum of 57 % HFP was
observed at a temperature of 800 °C and a pressure of 70 to 80 kPa. There is a
definite trend to suggest that an increase in temperature and pressure will increase
the HFP vyield. HFP is a high-value, sought-after product and will be discussed in
Chapter 12.

Pressure (kPa)

820 640 660 68C 700 720 740 760 780 800 820 840 860 8380 900 920

Temperature (°C)

Figure 4.6: Concentration of HFP formed as a function of temperature and

pressure

The HFP yields observed in this graph are in line with the literature!'”. Even higher
vields were observed in some cases®. The HFP yield can generally be related to
the temperature and pressure indicating that a high TFE molecule density (high
pressure) and a high temperature is advantageous to HFP formation. The HFP graph

seems to be the inverse of the TFE graph. This might indicate that at certain

60



experimental conditions TFE reacts to form HFP. At 80 kPa it seems that the HFP
reaches a well defined Gaussian maximum, while at lower pressures, 20 to 40 kPa
the maximum is distorted, probably by the formation of another product. A lower yield
maximum is observed at 850 to 900 °C and 20 kPa. In this case another mechanism
may be involved, but the two maxima are not significantly separated to be certain.
HFP can also, under the right conditions, be converted back into TFE or OFCB.

4.4.3 The formation of OFCB

Figure 4.7 presents the OFCB vyield within the operational window. A maximum
OFCB yield of 25 % could be obtained at a temperature of 700 °C and a pressure of
80 kPa. There is a definite trend towards higher yields at higher-pressure conditions
and at 700 °C. OFCB is a low-volume, high-value product (in terms of market

demand) which is safe to manufacture and transport.

Prgssure (kPa)

620 64D 650 BH80 700 720 740 760 780 800 820 840 860 880 200 920

Temperature {*C}

Figure 4.7: Concentration of OFCB formed as a function of temperature and

pressure
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The OFCB yield is in line with values found in the literature!™" >, The one prominent
maximum peak indicates that only one mechanism is involved in the OFCB

formation.

4.4.4 The formation of HFE

Figure 4.8 is a presentation of the HFE concentration within the experimental
parameters. No HFE was detected at low-temperature and -pressure conditions, but
at 700 to 900 °C, however, HFE was detected in significant amounts. The highest
yield of 77.1 % HFE was recorded at 900 °C and 50 kPa.

Pressure (kPa)

620 640 660 680 700 720 740 760 780 800 820 840 860 880 900 920

Temperature (°C)

Figure 4.8: Concentration of HFE formed as a function of temperature and

pressure

The formation of HFE was not quantitatively reported in the literature, but is
unmistakable. The well defined maximum gives one a good indication of the process
parameters where HFE could be formed and is also an indication that one
mechanism is involved. TFM, HFE and OFP has an F/C ratio of > 3 while PTFE has

a F/C ratio equal to 2. This is the reason why the formation of these products {mainly
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HFE) is accompanied by the formation of a fine solid carbon deposition, either inside
the depolymerisation reactor or in the filter. During prolonged experimentation this
may cause operational problems. This is one reason to avoid depolymerisation at

intermediate pressures (30 to 60 kPa) and temperatures above 800 °C.

HFE as well as other perfluorinated products are low-value products with limited use
in the industry. For this reason it is regarded as a waste product in the fluorocarbon
manufacturing process. Therefore, conditions should be chosen to minimise this

product.

4.4.5 The formation of other products

Other perfluorinated products were also formed during depolymerisation: TFM, OFP,
1- and 2- octafluorobutylene and PFIB. The product TFM was only observed in
significant, but low, yields at 900 °C indicating possible formation temperatures of >
900 °C. The minor product PFIB seems to form in slightly higher concentrations with
increasing temperature. There also seems to be a direct relation to the pressure.
These products will not be discussed in this chapter, but some of them are included
in discussions in further chapters.

4.4.6 Local maxima for the main products TFE, HFE, HFP and OFCB
From Figure 4.5 to 4.8 local maxima of the different products could be identified and

are presented in Table 4.6.

Table 4.6: Local yield maxima

Concentration Temperature Pressure
(Vol %) (°C) (kPa)

TFE 80 to 94 600 to 900 5
68 900 82

HFP 61 800 82
48 720 82

OFCB 27 700 84
HFE 77 920 55
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The TFE vyield reached a maximum of 94 % at low pressure and temperature. The
yield gradually decreased as the temperature increased. The same trend was
followed when the pressure was increased, but the yield was more sensitive to a
change in pressure than in temperature. Another main product is HFP. The HFP yield
had the opposite trend than TFE. Local maxima (48 % and 61 %) for HFP were
observed at 720 and 800 °C and 82 kPa. The highest yield for OFCB was 27 % at
700 °C and 84 kPa. The trend showed that the yield might increase if the pressure
could be increased. One of the unwanted products, HFE, showed a sharp increase in
yield towards 900 °C and 55 kPa. As this is not a high-value product and HFE
formation is accompanied by C formation, these reactor conditions must be avoided.
TFM was only observed at 900 °C and PFIB in low concentrations over the whole
temperature range. For production purposes the formation of these products must be

minimised because of separation and toxicological constrains.
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4.5 CONCLUSIONS

A 2 kg-h'1 continuous PTFE depolymerisation laboratory system, featuring a
Drop-tube Reactor, was successfully developed, built, commissioned and tested. The
system could be operated for 24 hours continuously without any problems.

It was found that the product composition is dependant on the pressure and the
temperature at which the reaction takes place. Different ratios of the main products
(TFE, HFP and OFCB), as a function of temperature and pressure, were obtained.
The HFP yield reached maxima of 48 % and 61 % at 720 and 800 °C respectively at
82 kPa. The optimum TFE yield was obtained at 600 °C and 5 kPa and the optimum
OFCB vyield at 700 °C and 84 kPa. From this experimental data it is possible to
predict maximum yields and product gas compositions (different ratios of HFE, TFE,
HFP and OFCB) at reduced pressures and within a temperature range of 600 to 900
°C.

If a certain product is required, the operating parameters, to optimise the yield of this
product, can be varied during operation. The formation of certain products should
however be avoided. PFIB, for example, is toxic and TFM, OFP and HFE forms
carbon deposits when produced, causing blockages. These products are also not
high value products. The best conditions where the main wanted products (TFE, HFP
and OFCB) are formed are 700 to 800 °C at 84 kPa.

Note that this is a research setup that is used to screen pressure and temperature
conditions at short residence times in order to optimise the main products and to

develop a chemical mechanism (Chapters 5 to 7).
A second mechanism seems to be responsible for additional formation of some of the
main products such as TFE and HFP at higher temperatures. The formation of TFM,

HFE and OFP is accompanied by subsequent carbon deposition.

This research can also be scaled up or modified for use of filled PTFE
depolymerisation (Chapters 9 to 12)
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Chapter 5

A Chemical Mechanism for Depolymerisation Product
Formation

5.1. Introduction

5.2. The proposed reaction mechanism
5.2.1. Route 1 (T = 600 to 700 °C})
5.2.2. Route 2 (T > 700 °C)

5.3.Conclusions




5.1 INTRODUCTION

The depolymerisation process of PTFE is complex and involves many species and
their reactions with each other. In this chapter a mechanism will be proposed to
identify the possible dominant reactions involving the formation of the major species,
tetrafluoroethylene (TFE), hexafluoroethane (HFE), hexafluoropropylene (HFP),
octafluoropropane (OFP) and octafluorocyclobutane (OFCB). This proposed
mechanism is based on the experimental data presented in Chapter 4 and the
hypothesis is made that the mechanism proceeds according to a split mechanism. The
first part of the mechanism dominates at low temperatures (600 to 700 °C) and the
second part dominates at higher temperatures (700 to 800 °C). This is in contrast to
some literature as discussed in Chapter 1.% 3> % These authors proposed a single
mechanism where TFE forms from PTFE and HFP and OFCB forms in a secondary
reaction from TFE. The products TFM, HFE and OFP were not part of these
mechanisms. They, however, have a higher F/C ratio than PTFE which will invariably

lead to carbon deposition with negative operational and economic consequences.

For the purpose of this study it is accepted that the depolymerisation process
proceeds according to the following series of events (as per reactor system in
Chapter 4):

o The PTFE is fed into a hot reactor;

o Depolymerisation and thermal fragmentation of the polymer takes place inside
the reactor;

¢ Intermediate gaseous fluorocarbon species form;

¢ Collisions occur between the intermediate species and the polymer fragments
and thereby sometimes transferring a F atom to the intermediate species;

e Product formation starts to take place, which is a function of the reactor
temperature, reactor pressure and residence time inside the reactor;

e At the quench probe the intermediate species are stabilised via rapid
quenching;

¢ At the outlet of the quench probe a stable product mixture is found.
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The products found after final quenching, therefore represent the stable final products
after the above sequence of events have occurred, and do not necessarily reveal the

reaction paths followed during their production.

5.2 THE PROPOSED REACTION MECHANISM

Following the results presented in Chapter 4, and taking into account the series of

events as described above, the following mechanism is proposed:

PTFE consists of helical, un-branched chains of polymerized TFE monomers. When a
polymer is exposed to thermal excitation (> 400 °C) it undergoes cross-linking or chain
scission. In PTFE random chain scission predominates with thermal excitation
(initiation). When the depolymerisation results (Chapter 4) were analysed, it was found
that a wider product variety was produced at high temperatures (700 to 900 °C) than
at low temperatures (600 to 700 °C). At low temperatures only three major products
were found namely TFE, HFP and OFCB. At high temperatures though, two more
major products were formed, namely the perfluorinated products HFE and OFP and to

a lesser extent TFM and PFIB. For this reason the following hypothesis is presented:

A two-part mechanism is proposed where depolymerisation or unzipping of the PTFE
chain dominates the first route (hereafter called Route 1) at 600 to 700 °C. Route 1 is
dominated by the presence of the C,F,e* radical as intermediate species. During
reactions conforming to the second mechanistic route (hereafter called Route 2),
PTFE is pyrolysed into smaller fractions (CF*), at a temperature above 700 °C. A
hypothesis is made that F transfer reactions from PTFE and subsequent carbon

formation are permitted at temperatures above 700 °C.

The initiation reaction for the two routes is the same. Initiation takes place via random
chain scission at depolymerisation temperatures. It is therefore accepted that for the

purpose of this discussion, the depolymerisation process will start with a broken PTFE

chain or a PTFE radical (" CF2—CF2—CFz")
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The proposed mechanism is represented by the following reaction equations in

Routes 1 and 2, based on the results presented in Chapter 4:

5.2.1 Route 1 (T = 600 to 700 °C):
(1.1) TFE formation via unzipping:

V)

wameCFy—CFp—CF, ——  wwCF, + CFy—CF,

1.1a
F,0—CF, ——» F,C=CF, 116
(1.2) OFCB formation:
Al
wmwwCFp—CF,—CF, ——»  www(CF, + CF,—CF, 1.2a
2 &F,—CF, — > CFaCFs _, RCCR

(/ F,C—CF,
¢F,—CF, 1 2b

(1.3) HFP formation:

V)

"‘MN‘CFZ_CFZ—(.:FZ R M’W‘CFZ + éFz_éFz

1.3a
(YQ—QF — :CF :CF
22 2+ :Ch 1.3b
CF F, ——» F,C=CF
—CF, 2 2 1.3¢
CFZ + FC—CFZ —_— CF3 + FC—CF2 e CF3 CF= CF2
1.3d
F2C: + :CF2 e F20=CF2
1.3e
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In Route 1, PTFE converts directly to a PTFE radical by the process of chain scission
(1.1a). This PTFE radical can selectively form TFE, by the process of unzipping,
forming a stable double bond (1.1b). This process, called unzipping, will be discussed
in Chapter 7. The formation of HFP and OFCB is minimised by the low pressure
because of a low radical concentration. At higher pressures though, the radical
concentration becomes sufficient to promote the formation of HFP and OFCB. The
product OFCB forms simply by a combination of two CF,-CF,+* radicals (1.2a and
1.2b). This is a very stable product and high yields can be obtained at the optimum
pressure conditions. With the formation of HFP (1.3a to 1.3e), two CF,-CF,+* radicals
combine, transfer a CF,e+ radical and form HFP and CFz*s. Combination of two of
these CF,+ radicals may also form a TFE molecule. A more plausible possibility is the
combination of the CF,¢+ radical with another CF,-CF,¢¢ radical to also form HFP.
These CF,+* radicals are not stable at the low temperature conditions and will rapidly
react. Experimental results in Chapter 4 confirmed Route 1 because of the high
selectivity of TFE formation when PTFE was depolymerised at 10 kPa. At higher
pressures HFP and OFCB were formed, but the TFE formation reaction still

dominated.

5.2.2 Route 2 (T > 700 °C):
In Route 2, the formation of highly reactive intermediates like CzF4e¢, CoF2¢c and CFyee

as well as F transfer from PTFE is proposed. This route is not covered by literature.
Under these conditions not enough thermal energy was applied for a free fluorine
radical formation (Chapter 6, Figure 6.1), but transfer reactions from PTFE to radicals
are permitted. This reaction is accompanied by a solid carbon deposition. The reaction
mechanism is presented as follows for the formation of the main products: TFE, HFE,
HFP, OFP and OFCB (Route 1 form the basis of Route 2):

2.1 HFE formation via F-transfer from PTFE:

Only for illustration purposes will the fluorine, which is being transferred from PTFE,
be indicated as ~F. Thermodynamically, free fluorine does not exist in significant
concentrations. Therefore a transfer reaction is proposed. This will be further
discussed in Chapter 6 and 7.
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ww CF2—

wwCFp—CF-CF ——» wwCFyCF=CE + ~F —> ~wCF, + FC=CF + 2F

& F

L)
Lo

FoC—-CF3

Al

"WW‘CF2 C

()

CF,—CF,

V)

~F+:CF,

AF )

FiC + FoC

()

F, —> ~wCF, + :CF,

F AN

— F3C-CF3 +2C

F2 CF2 "WW‘éFz + éFz_éFz

——» :CF, + :CF,

—_— F3é

_—> F3C— CF3

22

~F+ CF=CF + ~F——» F.C=CF,

()

~F+ CFp—

()

CF, + ~F——> F4C-CF,

22a2

CF,—CF, —— F + CF7—CF, + ~F+ C(s) ——» FsC-CF,
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2.2 HFP formation via **CF, radicals:

F,Ct + F.C: ——  F,C-CF, 222

/W

FoG/GF 4 FfGy ——»= FG=CF + CFy ——» F,C=CF-CFy

A, 2.2b

2.3 OFCB formation via **CF, radicals:

F2C: + F2C: —_— Fzé_éFz 2 3a

.. ( CF—CF, F,C~CFy
2CFy—Chy —> (/ T FC-CR

2.4 OFP formation from HFP and F transfer from PTFE:

A

~F + cm:CF_CF3 + ~F—» 'CF3‘CF2‘CF3
2.4a

) R A
%Qctjg+ CF=C—CF3 ——> ~F +®=@+ ~F + Cs) —> CF3~CF,;CF;
2.4b

TFE, HFP and OFCB are formed via the same reactions proposed in Route 1. The
formation of these products is also pressure-dependant. During the formation of HFE
and OFP the formation of carbon would be expected. As indicated in Equations 2.1c,
2.1j and 2.4b, the presence of carbon was observed. This was also experimentally
observed. For HFE and OFP to form the F/C ratio must increase implicating solid

carbon formation.
Other octafluorobutylene (OFB) isomers including PFIB formed in insignificant

amounts. For the purpose of this discussion, only the formation of OFCB is presented

because it is the most abundant of the isomers.
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5.3 CONCLUSIONS

In this chapter, a mechanism for the depolymerisation of PTFE is proposed. This
mechanism is based on the experimental data generated in previous work as
presented in Chapter 4. From this work it is concluded that the depolymerisation
process follows two mechanistic routes: a low-temperature and a high-temperature

route.

In the low-temperature route TFE, HFP and OFCB are formed as the main products
while in the high-temperature route, HFE and OFP are also found as main products.
Along with the main gaseous product formation a carbon deposit was formed because
the F/C ratio increased with the formation of HFE and OFP

In further support of this mechanism, the next chapter will deal with the stability at
equilibrium conditions of the intermediate species and products to distinguish whether
the product distribution is close to equilibrium or whether reaction kinetics play a major
role. In Chapter 7 a molecular modelling study will be made of the intermediate
species, the transition state species as well as the product molecules and their

formation energies in order to evaluate the mechanism proposed in this chapter.

In Chapter 8, TGA will be used in determining the activation energy of the

depolymerisation process along with the rate constant and reaction order.
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Chapter 6

Equilibrium Composition of PTFE Depolymerisation

Product Mixture:

A Thermodynamic Approach

6.1.General introduction
6.2. General background of chemical thermodynamics
6.3. Methodology and species selection
6.4. Equilibrium composition of depolymerisation species
6.5.Evaluation of the proposed Routes 1 and 2 reaction equations using
experimental data and AG® values
6.5.1. Background
6.5.2. Proposed reactions and calculated AG values at 600 and
900 °C
6.5.3. Discussion

6.6. Conclusions
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6.1 GENERAL INTRODUCTION

In Chapter 4 the spectrum of gaseous PTFE depolymerisation products at different
temperatures and pressures was presented. In Chapter 5, a hypothetical mechanism
was proposed in order to explain the formation of the products observed. This
mechanism supports the possibility of two routes, namely a route at the lower
temperature region where the formation of TFE, HFP and OFCB is explained and a
route at the higher temperature region where it is explained that HFE and OFP is
additionally formed via F transfer reactions (F atoms are transferred from PTFE only

at higher temperatures).

in this chapter, the equilibrium composition of the depolymerisation products and
radicals will be calculated based on chemical thermodynamics. After a short overview
of the background of chemical thermodynamics and the numerical methods to
calculate multi-component product mixtures, the equilibrium product distribution will
be generated in order to assess whether the products formed in the Drop-tube
Reactor are at, or close to equilibrium.

A commercially available thermodynamic computer package, HSC Chemistry Version
5.1, HSC5.1%® was used to perform all thermodynamic calculations. The conditions
that were given as input parameters in the program are similar to the experimental
conditions used in Chapter 4, namely temperatures between 600 and 900 °C, and
pressures between 1 and 100 kPa.

Finally, the reactions in the proposed mechanism will be analysed. This will be done

in order to qualify or disqualify the reactions in the proposed mechanism.

6.2 GENERAL BACKGROUND OF CHEMICAL THERMODYNAMICS

For a reversible process taking place at constant temperature and pressure, and
involving a volume change V1 to V2, the work done is P(V2 — V1) or PAV. The
relationship between the net amount of energy available, or the Gibbs free energy

(G) and the enthalpy of the system (H), is given by the following equations:©®® %)
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G=H-TS 6.1

S denotes the entropy of the system in kJ-mol’. The basis for chemical
thermodynamics is this Gibbs equation. The change in Gibbs free energy between

two states of a system at constant temperature will be:
dG =VdP - SdT 6.2

If G is integrated for a change in pressure at a constant temperature when the

volume and pressure are known, then:
P2
AG=G2-Gl= "VdP 6.3

If V is substituted by V = nRT/P, assuming that at moderate pressures the ideal gas

law holds, we obtain:

AG:[PZM:nRT-mQ 6.4
noP P1

When the volume is not known, the fugacity (fin bar) is used. The fugacity is a
thermodynamic function used in the place of partial pressure in reactions involving
real gases and mixtures. The fugacity of a liquid or a solid is the fugacity of the
vapour with which it is in equilibrium. The Gibbs free energy equation can then be

described by the following at equilibrium conditions:

G=RT:Inf+B 6.5
where B is a constant only dependant on the temperature and the nature of the
substance. In order to determine the free energy a reference Gibbs free energy, G°,
is introduced by:

G =RT-Inf* +B 6.6
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and that

G—G°=RT-In% 6.7

Now f/f° = a (activity). If a is substituted then:

G=G"+RTIna 6.8

For evaluation of the change in free energy:

AG = AG" + RTIn%2 6.9

q

where AG® is the standard Gibbs free energy in kJ-mol™! and ay/aq is the reaction

activity ratio.
For the reaction v,A «— B the equilibrium constant K = (aB)V"/(aA)Va_(59' 60) At

equilibrium conditions AG = 0 and the equilibrium constant K = ax/a,. Therefore, at

equilibrium conditions:
AG’ = -RTInK 6.10
where K, for a generalised reaction is defined as:
K=—-"—— 6.11
r1le;’)
|

where the indices i and j refer to the product and reagent species, respectively and v;

and v; are the stoichiometric numbers in the reaction equation. A negative value for
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AG thus gives an equilibrium constant, K, larger than 1, thus favouring the formation

of the products from the reagents.

The enthalpies of the different compounds in the reaction occurring at temperature T
are calculated as;

.
H(T)=AH, (T, )+ [CodT'+Y AH, 6.12

Tref

where T is the reference temperature in K, (in this case 298.15 K), and AH; is the
enthalpy of formation, in kJ-mol™, at the reference temperature. The heat of formation

for a fluorocarbon compound is based on the reaction;
xC + yF — C,Fy 6.13
where the formation enthalpies of C and F are the reference enthalpies, equal to

zero. The last term in the enthalpy equation accounts for the enthalpy changes in the
form of phase transitions between Tesand T.

The entropies of the different compounds are calculated as:

S(T)=s(T,)+ }(cp‘i IT)T 6.14

Tref
where the heat capacity is calculated with the Kelley equation:
C.=A+B.102.T+C-10°.T?+D-10°.T? 6.15

The four parameters A, B, C and D are available in the HSC5.1 database or can be

obtained from other literature sources.®! 2

The equilibrium composition is calculated using the Gibbs free energy minimization
method where the most stable phase combination is found and the composition is
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calculated where the Gibbs free energy for the complete system reaches its
minimum, subject to mass balance and fixed temperature and pressure conditions as
discussed by White W. B.®® In the HSC5.1 package this numerical algorithm, called
GIBBS, is used.

6.3 METHODOLOGY AND SPECIES SELECTION

A detailed procedural discussion of the HSC5.1 computer program is given in

Appendix 2.

Fluorocarbon products in the HSC5.1 database

The CF-products contained in the HSC5.1 database are given in Table 6.1 and have

been grouped in three categories: carbons, CF molecules and CF radicals.

Table 6.1: CF compounds in the HSC5.1 database.

Carbons Molecules Radicals
Symbol Compound Symbol Compound Symbol Compound
C(9) Graphite CF4(g) Tetrafuoromethane CFee<(9) Carbon monofluoride
C(D) Diamond C2F2(9) Difluoroethyne CF2e+(g) Difluorocarbene
C(A) Amorphous C C2Fs(a) Hexafluoroethane CF3+(g) Carbon trifluoride
Cis(@)  Gaseous C1-Cs CoF4(q) Tetrafluoroethene C2F+(g) Fluoroethyne
Ceso(g) Fullerene gas C4Fs(9) Octafluoro-2-butene C2Fa%(g) Fluoroethene
Cso(s) Fullerene solid C4Fs(g) Octofluorocyclobutene C2Fs+(g) Pentafluoroethyl
C4F10(g) Decafluorobutane CoCFe+(g)  Monofluorocyclopropene ?
CeFe(g) Hexafluorobenzene CsF7(9) Heptafluoropropyl
C12F10(g) Decafluorobiphenyl C7Fer(Q) Perfluorotoluene
F2(g) Difluorine F(g) Fluorine

The main products that are not included in the HSC5.1 database are HFP and PTFE.

All of the products in the database were used when the equilibrium concentrations
were calculated. Omission of some of these products might lead to inaccurate

calculations.
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6.4 EQUILIBRIUM COMPOSITION OF DEPOLYMERISATION SPECIES

To study the equilibrium composition with regard to thermodynamic considerations,
all the fluorocarbon species in the HSC5.1 database were selected. Included in this
species list was fluorine and carbon since they also play a part in the final
depolymerisation product formation. For the calculation to be performed, 1 kmol of
TFE was selected to act as carbon and fluorine source (starting material). The
species TFE was chosen for the simulation, because of the F/C ratio of 2, which is
the same as the F/C ratio of PTFE. As this is an equilibrium calculation it is not

relevant which species is chosen for the starting material as long as the F/C ratio is 2.

All compounds in the HSC5.1 database
Figure 6.1 is a presentation of the equilibrium concentration for the species at a
constant temperature of 700 °C over a pressure range of 1 to 100 kPa. The dominant

reaction is the formation of carbon and CF4, according to:

PTFE =nC,F, = nC +nCF, 6.16

The other products only feature in very low concentrations, but can be observed
when using the log scale. Although analytical detection of these species becomes
problematic at concentrations lower than 10 mol, it is interesting to see that their

formation is possible, but not in significant yields.
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Figure 6.1: Equilibrium quantities at 700 °C from 1 kmol of C,F,. All

fluorocarbon species included
To compare the species dependency on temperature, a similar equilibrium analysis

was done where the pressure was kept constant at 100 kPa, and the temperature
was varied between 25 and 1000 °C. This data is presented in Figure 6.2.
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Figure 6.2: Equilibrium quantities at 100 kPa from 1 kmol C:F,. All

fluorocarbon species included

From Figures 6.1 and 6.2 it can be observed that the equilibrium distribution of the
fluorocarbon species is more dependent on temperature than on pressure. Although
the temperature dependence of the concentration is obvious, the species CF4 and
carbon are still thermodynamically favoured over the whole temperature range, but
the radical species CF,, CFj3 C,CF and C,F, are present in more substantial
quantities at higher temperatures. The radical C,CF does not form part of the
proposed model and will be disregarded. The product C,CF is an equilibrium species
and was not observed during analysis, therefore stressing the kinetic dependence of

the depolymerisation reactions.
The species presented in Figures 6.1 and 6.2 are the fluorocarbon species at
equilibrium conditions with TFE as carbon and flucrine source. When these species

are compared to the products obtained in Chapter 4, no correlation can be found,

82




because experimentally, CF4 and carbon were only found in small concentrations at
high temperatures (900 °C). The explanation seems obvious: kinetics rather than
thermodynamics dictates product formation under the experimental conditions and
short residence time that were used in the Drop-tube Reactor. An Ellingham plot of
the fluorocarbon species, available in the HSC database, which might be involved in

the depolymerisation product formation, is included in Appendix 3.

6.5 EVALUATION OF THE PROPOSED ROUTES 1 AND 2 REACTION
EQUATIONS USING EXPERIMENTAL DATA AND AG° VALUES

6.5.1 Background

Under the conditions of Route 1 (low-temperature region), as discussed in Chapter 5,
the unzipping reaction dominated the reactions, leading to the formation of mainly
TFE as confirmed experimentally in Chapter 4. According to the proposed
mechanism, the F transfer and formation of the CF,+* radicals only start to feature
significantly under the conditions of Route 2 high-temperature region. The reactions
governing these mechanistic routes will be studied in this chapter using HSC5.1, and
an attempt will be made to use thermodynamic considerations to qualify or disqualify
the proposed reactions.

6.5.2 Proposed reactions and calculated AG values at 600 and 900 °C

The reactions for the formation of the four prominent products (C.Fs, C2F4, C3Fg and
c-C4Fg) will be evaluated. The reactions and associated AG®° values as calculated by
HSC5.1 are presented in Table 6.2. No reactions with more than two reactant
molecules were included in the mechanism as such reactions are highly unlikely to

occur.
A thermodynamic evaluation of each proposed reaction was done by HSC5.1 and the

change in the standard Gibbs free energy (AG®) for the reaction as a function of

temperature is presented in Appendix 3. When AG® has a negative value the reaction
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proceeds predominantly in a forward direction. When, on the other hand, AG® has a

positive value the reaction takes place predominantly in the reverse direction.

Note that OFP is not part of the proposed products. The reason for this is that OFP
does not form part of the HSC database and reaction calculations could therefore not
be done. OFP is however regarded as a product and is subsequently included in the

discussions in Chapter 7.

Table 6.2: The AG° values calculated by HSC5.1 for different reactions at 600

to 900°C
Reaction AG®gg0 AG®g09
number Chemical reaction (kJ-moI'1) (kJ-mol™)
TFE formation:
6.1 CoFa(g) + 2F(g) — CoF4(9) -603.76 -521.49
6.2 CFae+(g) + CF2*+(g) — CoF4(9) -138.50 -87.12
HFE formation:
6.3 CoF4(g)+2F (g) — CoFg(9) -535.84 -486.11
6.4 C,F4(g) + CFae+(g) — C,Fs(g) + C (s) -61.56 -53.78
6.5 CaF4(g) + CoFa(g) — 2C + CoF¢(g) -85.58 -70.81
6.6 C,Fx(g) + 4F(g) — C,Fs(g) -1193.40 -1023.65
HFP formation:
6.7 CaF 4(g)+CFye+(g) — CaFe(Q) -193.67 -184.01
6.8 3CF3++(g) — C3Fs(g) -332.17 -271.12
OFCB formation:
6.9 CoF4(g) + CoF4(g) — ¢c-C4Fs(g) -38.11 18.85
6.10 C3Fe(g)+CFye+(g) — c-C4Fs(g) 17.06 115.74
6.11 4CF3++(g) — ¢c-C4Fs(g) -288.22 -155.38

Note that AG® is negative for all but two reactions (for the formation of OFCB,
Equations 6.9 (except for the 600 °C AG®° value) and 6.10). Reaction 6.10 and the
high temperature Reaction 6.9 will therefore not be considered in further discussions.
This is in contrast with the experimental data in Chapter 4, indicating that kinetic
effects do play a significant role in the depolymerisation product formation process. It
must also be noted that AG° generally becomes less negative at the higher
temperatures. This shows that the equilibrium for these reactions shift to the left with
an increase in temperature. Another important observation is that these reactions, in
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a multi-component system, take part in the same reactant mixture and compete with
one another for the formation of the same intermediate species at a given set of
conditions. For this reason the different reactions cannot be compared to one another
according to the AG° values only. The relative concentration of the intermediate
species must be known for such a comparison to be made, but this falls outside the

scope of this discussion.

6.5.3 Discussion

In this section an attempt has been made to reason why some reactions will take
place more predominantly via Route 1 and others more predominantly via Route 2,
with the experimental data of Chapter 4 as reference. All of the proposed reactions,
for the two routes, are thermodynamically possible. During this reasoning it must be
kept in mind that free fluorine is not available for reaction at the depolymerisation
temperatures. It is therefore proposed that fluorine is transferred from the PTFE chain

to a radical at higher temperatures due to a conserted F transfer reaction.

Route 1

Table 6.3 presents the possible reactions that will take place when Route 1 is
dominating. These reactions were chosen because only TFE, HFP and OFCB formed
as products at these conditions.

Table 6.3: Route 1 reactions at 600 and 700 °C

Reaction Chemical reaction
number

6.2 2CFy*s — CoF4

6.7 CaoF4 + CFaee — CsFs

6.9 CoF4(g) + CoF4(g) — c-CsFs(g)

The temperature where Route 1 takes place is too low for significant amounts of
fluorine transfer reactions to take place. For this reason all the reactions that make
use of F transfer will not be considered for the low-temperature route. These include
equations 6.1, 6.3, 6.4, 6.5 and 6.6. The reactions 6.1, 6.8, 6.11 are ternary or higher

reactions and will also not be considered further.

85




Route 2

The products HFE and OFP (experimentally observed) can only form if there is a
reaction between radicals and fluorine in order to increase the F/C ratio to a value
greater than 2. Table 6.4 summarises the reactions that are proposed for the
temperature range of 800 to 900 °C.

Table 6.4: Route 2 reactions at 800 and 900 °C

Reaction Chemical reaction
number
6.2 2CFz*s — CyF4
6.4 CaFa(g) + CF2++(g) — C2Fe(g) + C (s)
6.5 CoF4 + CoF2 — 2C + CoFg
6.7 CoF4 + CF2e* — CsFs
6.9 C2F4(g) + C2F4(g) — c-CaFg(9)

The formation of HFE is accomplished by the reaction of an intermediate radical
species (CzF4** or 2CF2e+) with C,F2 or PTFE via a fluorine transfer reaction. These
reactions are accompanied by the deposition of solid carbon. According to
experimental data, the formation of HFE was only observed at temperatures between
800 and 900 °C along with the formation of carbon. As fluorine transfer is necessary
for HFE formation it can therefore be accepted that fluorine is not available for
reaction at temperatures < 800 °C because these products are not found according
to data presented in Chapter 4. Reactions 6.4, and 6.5, are therefore possible. More
than one reaction is presented for the formation of some products because all the
species reside in the same product mixture and one cannot distinguish between

certain reactions taking place in preference to others.

This can only be done by measuring the rates of the individual reactions, and will not

be done as part of this thesis.
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6.6 CONCLUSIONS

The equilibrium concentration distribution does not correspond to the distribution of
products found with the Drop-tube Reactor (Chapter 4). The dominant equilibrium

reaction in the operating window is:

PTFE = nCsF4 = nC + nCF,. 6.17

These products were not observed experimentally and therefore Reaction 6.17 is not
the major reaction during the depolymerisation process in the Drop-tube Reactor.

No evidence could be found to support thermodynamics playing a role in the
depolymerisation reactions, as investigated experimentally in Chapter 4. The
conclusion is therefore made that the depolymerisation product formation, as
presented in Chapter 4, is dominated by kinetics. It is anticipated that the product
distribution will be different for longer residence times and that proper reactor design
will play an important role in product yield optimisation. Another reactor with a longer
gas phase residence time than the Drop-tube Reactor will be discussed in Chapters
10 to 12.

A number of reactions were evaluated according to their AG® values within a
temperature range of 600 to 900 °C. Only combination reactions were considered, as
it is proposed that the decomposition of gaseous products does not take place during
the depolymerisation process. It was found (using the HSC5.1 thermodynamic
computer program) that free fluorine is not available in significant amounts at
temperatures below 1000 °C. In order for HFE and OFP to be formed it was
proposed that fluorine transfer reactions takes place between the polymer and the
radicals. These reactions only takes place during Route 2 reactions. The reactions
that are presented in Tables 6.5 (Route 1) and 6.6 (Route 2) are all
thermodynamically possible but thermodynamic considerations can not narrow the
mechanism down further. For this purpose kinetic considerations needs to be

employed.
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Table 6.5: Route 1 reactions at 600 to 700 °C

Chemical reaction
CaoF4(g) + C2oF4(g) — c-CaFs(g)
CaF4 + CF2e — CsFe
2CFyes — CoF,

Table 6.6: Route 2 reactions at 700 to 900 °C

Chemical reaction
2CFye — CyF4
CaF4(g) + CF2e+(g) — C2Fe(g) + C (s)
CoF4 + CoF2 =2C + CyFe
C2F4 + CFye* — C3F¢
C2F4(g) + C2F4(g) — c-CaFs(g)

The final product composition presented by thermodynamics, does in most cases
correspond to the composition determined experimentally, but the reactions
proposed the ones with the least negative AG°® values. For this reason these
reactions are not the most likely reactions to take place, but the only acceptable ones
from the proposed model. The reason for this phenomenon is most probably that
kinetic effects overshadow those of thermodynamics.
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Chapter 7

Molecular Modelling of PTFE Depolymerisation

7.1. Introduction
7.2.Molecular modelling
7.2.1. Molecular modelling background
7.2.2. Methodology
7.3. Modelling of the intermediates and products in PTFE depolymerisation
7.3.1. The intermediate species
7.3.2. The transition state molecules
7.3.3. The products
7.4.Discussion of the reactions in the two routes of the depoclymerisation process
7.4.1. Route 1 of the proposed mechanism
7.4.2. Route 2 of the proposed mechanism
7.5.Conclusions

Parts of this chapter will be submitted for publication in the Journal of Fluorine

Chemistry.




7.1 INTRODUCTION

The depolymerisation mechanism proposed in Chapter 5 was thermodynamically
studied in Chapter 6. In this chapter, molecular modelling is used to study the
depolymerisation products, their intermediate species and the reaction routes. The
objective of this chapter is to propose a series of reactions for the depolymerisation
and subsequent recombination reactions to form stable products, as determined by
molecular modelling. Another objective is to support the thermodynamic observations
(Chapter 6) from a molecular modelling point of view, by calculating the AHs values of
the geometrically optimised molecules and radicals involved in the proposed model
(Chapter 5).

In this chapter a background of molecular modelling will briefly be given, after which
a summary of the formation enthalpies AH; of the different species involved in
depolymerisation will be discussed. A different representation of the two mechanistic
routes will be given and discussed based on the molecular modelling results. Finally,
the calculated AH; values will be used for drawing energy diagrams of the individual
reactions within each mechanistic route. This will determine if a reaction will be
endothermic or exothermic and identify the most probable reactions in order to

propose the final depolymerisation mechanism.

7.2 MOLECULAR MODELLING

7.2.1 Molecular modelling background

The aim of molecular modelling is not to completely describe the molecule, but just
the necessary parameters for a given situation. A good model is therefore a good
representation of the molecule for a specific situation. Qutside of the given situation

the model may be a totally wrong representation.
A good example is the representation of sodium chloride. The formula for sodium

chloride is NaCf and as such offers good representation of the stoichiometric

composition of table salt, just as it having a cubic structure is a good representation
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of the crystal structure thereof. The formula NaCt does however not give any

information about the crystal structure of sait.

In the recent past the mathematical calculations involved in modelling were too
complex for even the largest super computer. Computers are nowadays fast enough
and have large enough storage capacity to be able to calculate various
characteristics of a chemical reaction in a relatively short time. Even a personal
computer is able to execute molecular modelling within a relatively short time,

depending on the size of the system being investigated.

When chemical species are modelled, they can be simplified in order to make the
calculation less complex. It is not advisable to try to model a chemical species and
calculate the positional change for all the atoms in 1 mol of solution (6 * 10%* atoms

for each mol)

Strictly speaking a molecule should be described by solving the Schrodinger
equation for the specific molecule. This is a very complex method. An easier method
is to use a mechanical model where wave mechanics are not used. Such a
mechanical model is mathematically simple and gives fairly accurate results. For
example, Figure 7.1 is a visual presentation of a geometrically optimised HFP
molecule. In such a model the directions, bond lengths, bond angles and energies
needed to twist these angles and lengths are described with mathematical equations.
Bonds are described as stretching and bendable springs and Hook’s law can be

applied to this action.

Figure 7.1: A geometrically optimised HFP molecule
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7.2.2 Methodology

In this study a commercially available computer program from Wavefunction, called

Spartan '04 v 1.0.3 was used.®®” The program was operated on a HP Intel Pentium

IV 3.2 GHz computer and was used to model the depolymerisation products of PTFE,

intermediate species and their transition states.

The steps required to perform this are:

1.

Choose the best modelling program. The first step when an attempt is made to
model a molecule is to choose a modelling program that supports the correct
force fields and that is parameterised for the elements to be used. For this
purpose a mathematical algorithm is used to obtain the minimum energy
accurately in a short time;

Perform a convergence action. The bond lengths and angles are varied to find
the minimum energy for the whole molecule;

Find the local and/or global minima. Some molecules such as CgH2 can have
more than one minimum of which one is that of the most stable isomeric
structure (Figure 7.2). These stable minima are called the local minima and
the most stable isomeric structure is called the global minimum. The modelling
program will search for the most stable structure that is closest to the original

drawing. This may only be a local minimum;
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Figure 7.2: Different stereo isomeric structures of CgHy;

4. Perform thermodynamic calculations using quantum mechanical models. The
basis of the quantum mechanical molecule model is the Schrodinger equation.
Simplifications must be adopted in order to apply this equation practically.
Different quantum mechanical models used in the molecular modelling differ in
degree of simplification;

a. Ab initio methods: Methods where the Schrédinger equation is adapted
in order to model larger molecules are called ab initio methods.
Hartree-Fock calculation methods are only used for molecules with a
few atoms for which every electron can be accounted for. The Density
Functional Theory (DFT) calculation method is another ab initio method
used mainly when transition metal complexes are modelied. The
Hartree-Fock method, in this case, is less successful and one of the
reasons is that the atomic base sets are not combined to describe the

very long distance interactions that are found at bond-breaking;
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b. Open and closed peel (outer electron shell) systems: A distinction is
made between orbitals with one (open) or two (closed) spin electrons.
The two orbitals are called a and (. This system is exceptionally
adequate to describe radicals and paramagnetic molecules, for
example the CF3- radical where one orbital is empty and the other filled
with one electron. This system is described by the Unrestricted
Hartree-Fock (UHF). The Restricted Hartree-Fock model (RHF) is used
for closed systems where both positive and negative spin are found in
the same orbital for example a TFE molecule;

c. Semi-empirical methods: Using only the valence electrons and only the
most important overlaps in the atomic orbitals of the molecule a
simplified calculation can be performed. The inner electrons will have
very little overlap with the orbitals of other atoms and are seen as
constant and are therefore parameterised. This method is called the
semi-empirical method and much larger atoms than with ab initio
methods can be modelled in a shorter time-span. To reduce the
calculation time, the overlapping integral of orbitals that develop
between different atoms must be eliminated and the error that is hereby
created must be reduced. A variety of algorithms and sets of
parameters were developed in order to decrease the calculation time
for modelling of numerous molecules. Modified Neglect of Differential
Overlap (MNDOQ) was one of the first models where s- and p-orbitals
were successfully eliminated. The parameterising of MNDO version 3
(PM3) was an improvement on the MNDO method. These models are

mainly used for modelling of organic molecules.

7.3 MODELLING OF THE INTERMEDIATES AND PRODUCTS IN PTFE
DEPOLYMERISATION

In this study different modelling methods were evaluated and the results compared
against values reported in the literature. For the modeliing of depolymerisation
products that would only contain fluorocarbons, it was found that the ab initio and

DFT calculations did not give satisfactory energy values because the force-fields
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were not parameterised for fluorocarbons. The depolymerisation molecules, radicals
and transition state molecules were subseguently modelled with the PM3
semi-empirical method and the equilibrium geometry and formation energy results

obtained coincided with published results as indicated in Table 7.1.¢% %

Table 7.1: Comparison of modelled AH; with published values

Molecule | Modelled AH; | AH; from Daubert & Danner™!
TFM -941.8 -933.2
HFE -1329.6 -1343.9
TFE -703.8 -658.6
OFP -1733.7 -1703.2
HFP -1156.4 -1080.0
OFCB -1573.2 -1528.0

From the results presented in Table 7.1, a good comparison was found from the
modelled AH; values and those published by Daubert and Danner. Therefore it was
decided to use the PM3 semi-empirical method in all further calculations. The

procedure to use the program is explained in Appendix 2.

Molecular modelling in this study was alsc done in order to investigate the proposed
depolymerisation mechanism as described in Chapter 5. During the depolymerisation
process the intermediate species form from the unzipping process. Before the
depolymerisation molecules form, the intermediate species go through a transition

state. These three steps are modelled and the results presented here.

7.3.1 The intermediate species

During the depolymerisation process, numerous intermediate species or radicals are
produced. Modelling of these radicals is done by means of changing the muitiplicity
of the radical before the calculation is done. The multiplicity of a molecule reflects the
number of the unpaired electrons therein. A neutral molecule with no unpaired
electrons has a multiplicity of one. It is then said that this molecule is in the singlet
state. If a molecule is a radical and has one unpaired electron, then the multiplicity is

two. It is then said that such a radical is in the doublet state, and so on.
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Some of the species like CFye+, C;F; may be in the singlet, doublet of triplet state. In
some cases the same molecule may have local energy minima in the singlet as well
as the triplet state, one of which is usually more stable than the other. This may be
two electronic configurations, or different physical structures like a cis and a trans
configuration of the same molecule. This may be important for the model because in
certain cases the one configuration may be more susceptible to chemical attack than
the other.

In this study, molecular modelling was done for a variety of depolymerisation
intermediate species using PM3. The species investigated and their formation

enthalpies AH; (kJ-mol™) are presented in Table 7.2.

Table 7.2: The intermediate species and their formation energies as

calculated by molecular modelling

Radical formula Formation enthalpy Figure no./
AH; (kJ-mol™) Description

F atom Doublet 79.04
CoF4¢« Triplet -571.10 Figure 7.3a
CF3¢ Doublet -5568.70 Figure 7.5
CFye* Singlet -205.39 Figure 7.4a
CFe Triplet -108.14 Figure 7.4b
CoFoe Cis Triplet 124 .81 Figure 7.6b
CoF32¢+ Trans Triplet 152.46 Figure 7.6¢
CioFa1e -4188.62 CioF2z minus a F
C1oF20°° -3875.30
C1oF10* -3548.88
C1oF1s -3221.11
CoFy7e -3137.31
CgF17 -3399.44
CgFgee -3469.72
CsF15¢ -2983.39
CeF13° -2581.60
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The formation energy for an F atom and Cis and Trans C,F3** are positive implicating
the instability of these radicals at the depolymerisation conditions as set out in
Chapter 4. The more negative the formation energy the higher the bonding energy
per mol, so it is obvious that AH; decreases with larger molecules, which in itself does

not mean that a specific bond in a molecule is stronger or weaker.

The results obtained for some of the species at their most stable state, as caiculated
by the modelling program, are visually presented in Figures 7.3 to 7.6. Here the
electron density (electron cloud) around a molecule is visually presented by
animating the highest occupied molecular orbital (HOMO) electron cloud on the
geometrically optimised species. A blue area represents an area with low electron

density while the red area represents an area of high electron density.

The C,F4 and CaF 40« species

The two geometries for TFE, for example, could be optimised with the singlet
multiplicity, in Figure 7.3a, and the triplet multiplicity, in Figure 7.3b. This occurs
during the unzipping reaction of the PTFE chain, when the chain is split up into the
monomer radicals and, under the correct conditions, forms TFE. The singlet TFE
molecule in Figure 7.3a with an electron density of 23.4 e/au between the C-atoms
and AHs = -703.8 kJ-mol™ is more stable than the triplet CoF4++ radical in Figure 7.3b
with an electron density of 19.6 e/au between the C-atoms and AH; = -571.1 kJ-mol™.
This higher electron density in the singlet molecule is an indication of a stronger bond
and therefore a more stable molecule. This can be visualised when the highest
occupied molecular orbital (HOMO) electron cloud is animated on top of the C,F e+

radical. Of the two, the TFE singlet molecule is more stable, as can be expected.

L -12.8 ?::."«:: o wiifl.S

o

Figure 7.3a: C.F4 Molecule Figure 7.3b: C,F4*+ Radical
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The big atoms represent carbon and the smalil atoms represent fluorine.

The unit for electron density is given as electrons per atomic unit (e/au). The charges
on the red and blue regions change slightly if the radical is compared to the
molecule. The charge on the fluorine molecule only slightly differs from one another,
while the charge on the two carbon atoms differs significantly. This is because the
two unpaired electrons render the charge on the carbons more negative in the

radical.

The CF,e= singlet and CF,e triplet species

Another example is the CFye+ radical (Figure 7.4), which can also have a singlet and
triplet multiplicity. The singlet CFe+ (Figure 7.4a AH; = -205.39 kJ-mol”) is more
stable than the triplet CFaee (Figure 7.4b AH; = -108.14 kJ-mol”). This can be
visualised when the highest occupied molecular orbital (HOMO) electron cloud is
animated on top of the CF;++ simulation. In the singlet molecule, the electron pair that
was supposed to be situated on the carbon atom is hybridised into the electron cloud
of the fluorine atoms. The electron cloud around the triplet CF,+* radical, shows that
the free electron pair is still positioned on the carbon atom, and the radical is not as

polarised as the singlet radical.

Figure 7.4a: CF,** Singlet Figure 7.4b: CFae Triplet

The CF3¢ radical
The CF3e radical (Figure 7.5) is more stable (AH; = -558.70 kJ-mol™) than the CFye
(AH¢ = -205.39 kJ-mol") radical in Figure 7.4a. This is because the electrons are

spread out more symmetrically over the radical. The carbon atom is situated slightly
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out of the plane from the fluorine atoms. The one free electron is situated on the
carbon atom and not delocalised with the other electrons. This is visualised by
animating the highest occupied molecular orbital (HOMO) electron cloud onto the
CF3e radical.

Figure 7.5: CF3* Radical

The singlet CoF, molecule and the cis and frans triplet CoF»*= radicals

The singlet linear CyF2 molecule (Figure 7.6a) is more stable
(AH; = -48.43 kJ-mol™'} than the cis and trans triplet C,Fz*+ radicals (Figure 7.6b and
c) (AH¢ = 124.81 kJ'mol™ and AH; = 152.46 kJ-mol™ respectively) and therefore the
singlet can be expected to feature in higher concentrations than the triplet radicals.
When the electron densities are analysed, it is found that the cis radical is slightly
polar. The frans radical and the linear molecule are non-polar. In the linear molecule
the free electrons combine to form a more stable triple bond. This compound is not
stable at ambient conditions, unlike its hydrocarbon counterpart acetylene, which is
fairly stable. The highest occupied molecular orbital (HOMO) electron cloud is

visualised by modelling this cloud onto the different C,F, species.
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Figure 7.6b: CoF»e Cis triplet radical  Figure 7.6¢c: C,F#¢ Trans triplet radical

7.3.2 The transition state molecules

During the product formation- or termination process, intermediate species combine
and form transition state products. These short-lived products will continue to react to
form final products, because the final products are more stable than the intermediate
species. In order for a transition state product to form, a certain amount of activation
energy needs to be applied to the reactants. For the reaction to proceed
exothermically, the formation energy (AHy) of the reaction products must be lower
than that of the reagents. Two specific transition states will be discussed, as they are

of importance for the depolymerisation process.

The formation of an HFP molecule
When Spartan calculates a transition state molecule, the frequency calculation
module must be activated. This function within the program enables one to obtain a

fingerprint frequency table, which can be compared to an infrared spectrum of the
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particular species. In addition an imaginary frequency might be calculated amongst
the real frequencies. If this is the case, then a transition state molecule was

simulated.

Figure 7.7 gives a visual presentation of the transition state that forms when two
C,F 4+ radicals combine to form HFP. This is only one step in a series of steps and
therefore the double bond is already formed. This is part of the proposed mechanism
for HFP formation as wili be discussed shortly. Here it can visually be cbserved that
the bond between the two carbon atoms, 1 and 2, of one of the C;F4*+ molecules is
breaking, while a bond is formed between carbon atoms 2 and 3. This already gives
the propane chain of HFP. Together with this, the fluorine atom number 9 is shifted
from carbon 3 to the newly added carbon number 2. The final step is the formation of
the double bond between carbon atoms 3 and 4. In this process a HFP molecule and

a CFs+* radical are formed.

Figure 7.7: Visual presentation of the transition state for HFP formation

The energy diagram of this reaction is presented in Figure 7.8a. The determination of
the energy diagrams of the different reactions wiil be discussed in Section 7.4 of this
chapter.®® From a kinetic perspective there can be four types of reactions as

visualized in Figures 7.8 a to d.
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Figure 7.8a: An exothermic energy
diagram of HFP formation with a

transition state

Figure 7.8b: A typical endothermic

energy diagram with a transition state

Figure 7.8a is an example of a binary exothermic reaction with a transition state

producing a stable end product as well as a radical that can participate in another

propagation or a termination reaction.

in Figure 7.8b the activation energy, which is larger than the enthalpy difference

between the reagents and the products, determines how the reaction rate depends

on the temperature.

Reactants

No fransition state

Products

Products

Reactants

No transition state

Figure 7.8¢: A typical exothermic
energy diagram without a transition

state

Figure 7.8d: A typical endothermic
energy diagram without a transition

state
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In Figure 7.8c the enthalpy difference between the reagents and products is negative
indicating that there is no activation energy. This is an exothermic reaction with no

transition state molecule involved.®®

In Figure 7.8d the enthalpy difference between the reagents and products is in fact
the activation energy. This is an endothermic reaction and there is no transition state

molecule involved in this reaction.®®

In order to minimise energy and to use all the radicals with the HFP formation, three
C,F4¢* molecules react in a CF2+» exchange reaction as indicated in Figure 7.9. When

this reaction takes place, two HFP molecules will form.

Fm F /F F F
. \ /Iy \ /
L=C L — C7C—C | ——> F—C—C=C{
F FF F % F F op F

Figure 7.9: Electron movement with HFP formation

The formation of a CFs» radical
For further illustration purposes Figure 7.10 is a visual presentation of a transition
state PTFE molecule transferring a fluorine to a CF,+« radical in order to yield a CF3*

radical. This reaction will be discussed in Section 7.4.2.

Figure 7.10: PTFE and CF; transition state species
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Table 7.3 summarises the reaction enthalpies of the reactions, where the transition
state molecules does not affect the reaction enthalpy of the particular reaction in the
PTFE depolymerisation process. All the F atoms represent a CioF22 PTFE chain

loosing an F atom in a transfer reaction.

Table 7.3: Reaction enthalpies of reactions without activation energies or
transition state molecules
Formula of Formation enthalpy | Reaction enthalpies Descriptive reactions
transition state AH{ (kJ-mol™) (kJ-mol™)
molecule

2CF e -412.82 -293.04 2CF,+» — TFE

CoF g -596.00 -132.72 CoF4r —» TFE

C,F g + 2F -1321.67 -40.87 C,F4* + 2F - HFE
c-CsF3 -1187.39 -431.04 2C,F4+ — OFCB

For these reactions the AH¢ value is smaller than the AH; for the starting molecule/s
(Figures 7.8c and d). Therefore it is plausible to accept that these exothermic
reactions will proceed without a transition state and thus without an activation energy

(AH¢ products - AH; reagents).

Table 7.4 summarises the activation energies needed for the reactions to proceed
towards the endpoint. These reactions are all exothermic reactions, meaning that AHs
products < AH¢ reagents. Transition state molecules play a significant role in these

reactions.
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Table 7.4: Activation energies of reactions with transition state molecules

Transition state molecules

Formula of

Formation enthalpy

Activation energies

Descriptive reactions

transition state AH{ (kJ-mol™) (kJ-mol™)
molecule
CFge -123.21 441.02 CFy++ + F — CFye
C,F, +2F -592.62 173.49 C,F, +2F > TFE
CsFs -1726.08 147.97 HFP + 2F — OFP
C,F 4o+ + CFyee -398.11 378.38 C,F4¢+ + CFy*s — HFP
2CFge -315.90 801.5 2CF4+ — HFE
Figure 7.8a
CsFs -1105.10 37.1 2C,F4++ — HFP + CFye
CioF 21 -3997.73 190.89 C1oF21* — CgF1g* + CFypee
C1oF21* losing C,F 4o+ -4128.14 60.48 C1oF21* — CgF17* + CoFyee
C1oF2¢* losing F -4197.97 392.26° C1oF21* — CyoF o + F
C1oF1¢* losing C;F -3421.94 766.68 C1oF1g* — CgF17* + CoF,
C1oF 2 losing F -4549.80 437.88 CioF22 — CioFar* +F

These formation enthalpy values can be used for the calculation of the activation

energy needed for a specific reaction to take place. If the AH¢* of the transition state

is more than the sum of the AH; of the reagents (i.e. ZAHs reagents - AH# = a positive

value) then the amount of activation energy that would be needed for the reaction to

take place is equal to the difference between the XAH: reagents and the AH#
(Figures 7.8 a and b).

The information obtained here is obtained for the energy supplied to the reactions at

room temperature. A whole number of molecules and transition state molecules are

modelled for all of the possible reactions. This does not necessarily comply with the

proposed mechanism presented in Chapter 5, but may be wider in order to try to

evaluate all the different permeations for the formation of the different end products.
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7.3.3 The products
Figures 7.11 to 7.16 visually represent the geometrically optimised molecules of the
depolymerisation of PTFE namely TFE, HFE, HFP, OFP, OFCB and C1oF2z.

Figure 7.11: TFE Molecule Figure 7.12: HFE Molecule

Figure 7.13: HFP Molecule Figure 7.14: OFP Molecule

Figure 7.15: OFCB Molecule Figure 7.16: CqoF22

Grey atoms are carbon, green atoms are fluorine.

The product molecules were selected based on the results in Chapter 4 and the
formation energies (AH;)} of the depolymerisation molecules were calculated and
presented in Table 7.5. Interestingly enocugh OFCB was found to be a stable
compound because of the strong electron affinity of the fluorine atom. This is in

contrast to ¢-C4Hg which is not stable at ambient conditions.
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Table 7.5:

Formation enthalpies of stable molecules

Depolymerisation molecules

Formula Formation enthalpies AH¢ Figure no.
(kJ-mol™)
CioF22 -4547 .46 Figure 7.16
CaF; -48.43 Figure 7.6a
CaF4 -703.82 Figure 7.11
CzFs -1329.65 Figure 7.12
CaFsg -1733.70 Figure 7.14
CsFs -1156.37 Figure 7.13
c-C4Fsg -1573.24 Figure 7.15

The C-C bond lengths in PTFE and PTFE radicals

To simplify the modelling process different chain length fluorocarbons were modelled,
namely CqoF22, C2oF 42, CaoFs2 and CgoF162. The reason for this was to see if the bond
lengths change significantly with chain length. It was found that there is no significant
difference in C-C bond lengths for different chain lengths and therefore for the
depolymerisation calculations, the C4oF22 molecule was used to model PTFE in order
to cut down on computational time. For a CgoF162 Chain this required almost 4 hours
computational time, but for a C4oF22 chain, a much more reasonable 5 minutes is

sufficient.

Modelling of the C1oF21 PTFE chain indicated that the C-C bond length of the radical
side of the PTFE chain (C1 and C2) is shorter (1.535 A) than the C-C bond lengths of
the rest of the polymer chain (1.602 A) as schematically presented in Figure 7.17.
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Figure 7.17: Lengths of C-C bonds of a PTFE radical in A

1.609

This is an indication of a stronger bond between C1 and C2, than in the rest of the
C-C bonds. The bond length of the C-C bond next to it (C2 and C3) however is
longer (1.612 A) than the rest (this indicates a weaker bond). This is an indication
that the C,F 4+ radical at the end of a PTFE chain will detach before other bonds in
the chain will break. This supports the proposed “unzipping” mechanism and
therefore explains the formation of TFE as a main product during experimentation.
The C-C bond length on the other end of the chain is also slightly longer (1.609 A)
than the rest. This might be the cause of steric hindrance from the three fluorine

molecules.

7.4 DISCUSSION OF THE REACTIONS IN THE TWO ROUTES OF THE
DEPOLYMERISATION PROCESS

The following discussion about the energies involved in the product formation will be
done in conjunction with the proposed mechanism as discussed in Chapter 5.
Molecular modelling is a well-recognised method and complements thermodynamic
calculations in supporting the proposed mechanism. It also incorporates some kinetic
considerations through the calculation of the transition states of the reactions and the

subsequent calculation of the activation energies of the reactions.

Initiation for the two mechanistic routes is the same. A PTFE chain breaks into

shorter chains because of molecular vibrations at high temperature. It is therefore
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accepted that for the purpose of this discussion, the depolymerisation process will
continue from a CoF2¢1* PTFE radical chain.

The two hypothetical mechanistic routes for the depolymerisation are represented in
Figures 7.18 and 7.19. These two routes include the reactions that are reasonably
possible in the proposed mechanism. In the following sections the probability of the
reactions taking place will be evaluated. The most probable reactions will form part of
the final proposed depolymerisation mechanism.

7.4.1 Route 1 of the proposed mechanism

Route 1 (Figure 7.18) follows an unzipping reaction and not a chemical
decomposition, where shorter chain molecules, like CF,¢*, can be produced from the
PTFE chain. In this route, just enough energy is supplied for the unzipping reaction to
start taking place.

1
wwCFy—CFp—CF,  (C1oF21)

CF,—CF, e CF, (CsF17)

éFz— éFz Tl
2 éFz— éFz
CF2= CF2
CF3— CF= CF2
FAC-CF,
CFy—CF=CF, 7 F,C—CF,

4

Figure 7.18: Mechanistic presentation of Route 1

The main products that are formed at the low temperature (600 to 700 °C) are TFE,
HFP and OFCB. In the unzipping reaction a C,F4¢* radical (point 2) is formed. The
major reaction at low pressure is the stabilisation of the triplet C,F, to form the singlet
C.F, (TFE) species (point 5). Furthermore, two C,F ¢ radicals can combine to form
OFCB as shown in point 4. The combination of three triplet C,F4s molecules to form
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two molecules HFP (point 7) is another possible low-temperature reaction, but this a
third order reaction which is not very probable. Lastly the triplet C,F4°* may dissociate
into two difluorocarbene molecules (point 3). These possible low-temperature

reactions will be evaluated in order to predict the most probable mechanism.

Evaluation of Route 1 in terms of an energy level diagram

The enthalpy profile, as shown in Figure 7.19 was compiled for Route 1. The
numbers at the different enthalpy levels correspond to the numbered reactions as
indicated in Figure 7.18. The stoichiometry of a reaction must be kept intact when
compiling an enthalpy profile. An example of the calculation of the enthalpy levels in

Figure 7.19 is given below (Equation 7.1), using the C1oF24" radical as the reference:

CoFy” = CF; +CF,”

H =AH AH .—AH . 71
r SGF™ + S.GFir S CioFt

H)=AH, __ .+

f.CoF, f.Cehq

The other enthalpies levels are calculated accordingly. The enthalpy diagram of
Route 1 is presented in Figure 7.19.
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Figure 7.19: The enthalpy level diagram of Route 1

The reaction equations and corresponding energies for the individual reactions are
summarised in Table 7.6. The energies discussed here will be the relative reaction

energies as calculated above.

Table 7.6: Enthalpy profile data of Route 1
Reaction Reaction enthalpy Reaction equations
equation relative to C1oF21* (H')
No. (kJ-mol™)
2 218.08 Ci1oF21* — CgF 170 + CoF4ee
6 -189.47 C1oF21* + CoF 40 — CoF19° + C3Fe
4 -212.96 CioF21* + CoF 40 — CgFq7* + c-C4Fs
3 378.39 C1oF21* — CgFq72 + 2CF e
5 85.36 C1oF21* — CgF172 + CoF4
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It was observed that reactions 4 and 6 are exothermic reactions and reactions 2, 3

and 5 endothermic.

Unzipping

At point 2 the polymer chain separates into a CgF4; fragment and a C,F,¢* radical.
The relative reaction enthalpy of this reaction is 218.08 kJ-mol™ and the activation
energy for this reaction is 60.48 kJ-mol™.

OFCB formation

At point 4, two C,F4°* radicals, one from the matrix and the other from the PTFE
chain, combine to form OFCB along with a CgFq7¢ fragment, with a relative reaction
enthalpy of -212.95 kJ-mol™. This value is different than reported in Table 7.3 (-
431.04 kJ-mol™") and the reason is, that in this case, 2 TFE radicals from the matrix
are involved in the OFCB formation and no PTFE chain. The reaction of point 4 is a

complex reaction and no single transition state could be calculated.

TFE formation

The enthalpy for the TFE molecule, point 5, is higher than that of the initial reagents,
but lower than the intermediate radical. This reaction is endothermic and according to
modelling calculations, there is no transition state for this reaction. The fact that TFE
forms the major product of the depolymerisation process and the yield is pressure-
dependant might be an indication that the reaction entropy plays an important role in

the product formation.

HFP formation
The HFP molecule, point 6, is at a lower enthalpy (-189.47 kJ-mol™) than the
reactants and therefore the reaction is exothermiic. This reaction does proceed via a

transition state molecule as is indicated in Figure 7.8a.

CF2+ radical formation

The formation of two CF,e* radicals when the C,F4*+ radical dissociates (point 3)
needs more energy (378.39 kJ-mol™) to form than the intermediate product (TFE
radical) at point 2. Another reaction where CF,++ can be formed is via the dissociation

of the polymer chain. This is an endothermic reaction. According to the
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thermodynamic calculations in Chapter 6, as well as previously mentioned modelling,
this radical will only form at higher temperatures. The formation of a CF;** radical
directly from the PTFE chain is not probable because of the shortening of the
terminal C-C bond on the PTFE chain, during the unzipping process, as discussed
previously. For this reason the CF,¢* radical is not formed in significant amounts from

the PTFE chain and is not included in the route 1 mechanism

Final simplified mechanism for Route 1
A summary of the reactions taking place in Route 1 of the depolymerisation

mechanism is presented in Figure 7.20.

1
womeCFy—CFy—CFy  (CygFa1)

""W“'CFQ (CSFW)

CFr—CF, CFz CF, CF,—CF,
CFE—CFZ
F,C-CF5

Figure 7.20: Simplified final reaction scheme

The reactions forming TFE, HFP and OFCB are the only reactions proposed to take
place in Route 1. According to this final proposal, all the reactions take place via the

TFE radical, which originates from the unzipping process of PTFE.

7.4.2 Route 2 of the proposed mechanism

When depolymerisation takes place at the higher temperatures (700 to 900°C), other
molecules become more prominent. It was experimentally found that the main
products that form during the depolymerisation of PTFE at the higher temperature
range are TFE, HFP, OFCB, HFE and OFP and PFIB. A possible mechanistic route

by which these products are formed is presented in Figure 7.21. Other minor
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products like C4F1c and C4Fg isomers also form, but are not included in this
mechanism. One of the C4Fg isomers, perfluoroisobutylene (PFIB), may under certain
conditions form as a major product (up to 25 % as indicated in Chapter 10). This
product is very toxic (as discussed in Section 1.1 and 1.4) and one of the main drives

during experimentation is to minimise the formation of PFIB.

wweCFy (CoFi7)
(CgF1g) wwCFp—CF,

y e CF CFz—CFz (C10F21) 2F 4 2,:
% CF CF Cc

F :CF2 CF—CF, CF &> CF=CFy g
22—~
7 / cm—CFz
:CFy :CFy :CF, F.C-CF,
[ 2F
¢ .

CF3—CF,—CFs
8

Figure 7.21: Mechanistic presentation of Route 2

After the initiation reaction, the C,F4e* radical (point 3) is only one of the products that
form. Other products are difluorocarbene (CF2+¢) (point 2) and difluoroethyne (CF>).

F participation

F is only available in insignificant concentrations because of the positive formation
enthalpy. It is however proposed that F (point 4) participates in product formation by
concerted transfer reactions from the polymer or C;F; to the intermediate products,
CFaee, CoFo, HFP, etc.
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TFE and OFCB formation
The formation of TFE (point 8) and OFCB (point 9) from the depolymerisation

process follows the same route as for the Route 1 (points 3, 6 and 8 in Figure 7.16).

HFP formation

HFP however, may form via various reactions (point 5). The first reaction is similar to
that proposed for Route 1, where two C,F4° radicals combine to form HFP and a
CF2++ radical. Secondly, the C,F4+* radical may react with difluorocarbene (CF3e*),

and also form HFP.

OFP formation
The product OFP may form via a fluorine transfer reaction to HFP from either the
polymer chain or the CF,++ radical (point 9). These reactions are accompanied by

solid carbon deposition.

CF 3+ radical formation

One possible reaction to produce HFE is for two CF3* radicals to react. The CF3*
radicals (point 11) can only form if one of the CF,+* radicals undergoes a fluorine
transfer reaction from the polymer chain. The reaction where a fluorine atom is
transferred to a CF,+* radical is an energetically sound reaction, and the overall
energy is less than that before the transfer. This is indicated in Table 7.7, where the
CF3» radical is more stable than the CF,e radical by an amount of
353.3 kJ-mol™.
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Table 7.7: Formation enthalpy evaluation of fluorine transfer to CFze*

Molecule/radical AH¢ Average C-F
bond length
(kJ-mol™) (A)
CFyee -205.39 1.29
CF3e -558.70 1.31
C1oF22 -4547.46 1.35

Energy difference between 353.30
CFz" and CF3'

Average energy needed to 326.93
break a C-F bond of a

polymer chain.

The average amount of energy needed to break a C-F bond from a polymer chain is
326.93 kJ-mol™ (this was calculated by averaging a number of the AH; of a polymer
chain loosing fluorine atoms). This means that the transfer energy whereby a PTFE
chain transfers a fluorine atom to a CF,+ radical, will lower the total reaction energy
by 26.37 kJ-mol™. This is accentuated by the fact that the C-F bond length of a
polymer chain is 1.35 A, as opposed to a 1.29 A C-F bond length of a CFe radical.
Less energy would be needed to break a C-F bond on a polymer than a C-F bond on
a CF,ee radical.

There is a slight reduction in energy throughout the energy profile of the fluorine
transfer reaction. The energy reduction, however, is not enough to cause
spontaneous, exothermic CF3z+ formation, but reactions as a result of collisions
between a CF;+ radical and the polymer chain will most probably result in CF3e
formation. The collision-dependence of the CF3¢ formation signifies the pressure-

dependence of the reaction.

HFE formation

The last major product that is formed during the depolymerisation reaction is HFE
(point 10). The formation of this product is also dependant on a fluorine transfer
reaction. There are several possible reactions that may lead to the formation of HFE.
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The first and most probable is the combination of two CF3e radicals (point 11). Other
reactions by which HFE may form from C.F4e, is by de-fluorination of a PTFE chain
radical and deposition of solid carbon, as well as with F transfer by collision of a

C,F,+* radical with a polymer chain.

The Route 2 enthalpy level diagram

The second route as depicted in Figure 7.21 was also analysed according to an
enthalpy profile diagram. This route is much more complex because of the formation
of HFE and OFP, and the occurrence of the CF,e~ radical. Different reactions will be
discussed for the different products. Generally it is accepted that the route resulting
in the lowest enthalpy will be dominant. This is however not always the case, as will
be shown for the OFP formation. The enthalpy profile for Route 2 is shown in Figure

7.22. The enthalpy shown on the y-axis is given in the unit kJ-mol™.
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Figure 7.22: Enthalpy profile for the high-temperature sub-mechanism

117



This mechanistic route also starts with a C4F21 PTFE radical fragment. It is also

assumed that CFyec and C,Fs* radicals are available in the matrix of this

depolymerisation product mixture.

The chemical equations that correspond to each product on the enthalpy diagram are

presented in Table 7.8.

Table 7.8: Enthalpy profile data of Route 2
Reaction Reaction enthalpy Reaction equations
equation relative to CyoF21* ( H?°)
No. (kJ-mol™)
190.41 CioF21* — CoF1g® + CFyee
3 218.08 C1oF21* — CgF17¢ + CoF4e°
4a 898.81 CioF21® — CgF17° + 2F + C,F;
4b 1072.06 C1oF21° — CgFq7° + 2F + CaF e
4c 1099.71 CioF21* — CgF17* + 2F + CyF»
5b -189.47 CioF21* + CoF42c — CoF19° + C3Fs
6 -212.96 CioF21* + CoF4** — CgFq7* + ¢-C4Fs
8a 85.36 C1oF21® — CgF17° + CoF4
8b -15.53 CioF21° + CoF2 — CqoF e + CoF4
9a 11.15 C10F21* + C3F — CqoF19* + C3Fs
9b 77.07 CioF21* + CoF4 — CgF45° + CF2* + C3Fs
10a -118.8 CioF21* + CoF4 — CyoF 19 + CoFe
10b -212.26 2CF3* — CyF¢
10c 21.97 C1oF21* + CoF2 — C1oF 17(adical) + C2Fs
11a 160.21 C1oF21® — CoF1g°* + CF3e
11b -43.86 C1oF21* + CFyee — CyoF 20 + CF3e

Reaction 5a and 9c¢ are improbable ternary reactions and have therefore been

disregarded.

118




F reactions

At these temperatures the fluorine radical, at point 12, is not formed in significant
concentrations as a stable, free radical as indicated in Chapter 6. The formation
energy for this radical is rather high (392.35 kJ-mol™) if compared to that of the TFE
radical (point 3). Although F appears in an insignificant concentration, F atoms are
available in concerted transfer reactions from a PTFE chain to a fluorine recipient like
CFyee.

CF e+ radical formation

The CF2e* radical, at points 2 and 7, can be formed by two different reactions. The
first reaction, as indicated in Table 7.8, is that of CFz++ formation via PTFE chain
cracking. The other reaction is via the breaking of a C,F4¢* radical’'s C-C bond to form
two CFe+ radicals. The total relative enthalpy for the first reaction is 190.41 kJ-mol™
and for the second reaction, 378.39 kJ-mol ™. The latter is in accordance with findings
from Chapter 6 where the cracking of a CoF4 is thermodynamically not permitted.
Two CF,e* radicals are formed by the reaction at point 7 and this is double the
amount of energy for the formation of one molecule at point 2 (different routes use

the same amount of energy). The reaction for point 7 will therefore be disregarded.

CF3* radical formation

The CFj3¢ radical formation and a fluorine transfer both from a PTFE chain
(point 11a), increases the total energy of the reaction to 160.21 kJ-mol”'. However,
the CF3¢ radical formation via a CF,¢* radical from the matrix and a fluorine transfer
reaction from a PTFE chain reduces the energy of the reaction to -43.86 kJ-mol™
(point 11b). For this reason CF3¢ radicals will form at conditions where an F is
available via transfer reaction and this opens the opportunity for HFE and OFP

formation.

C,F 4 radical formation

The CyF4¢* radical formation also may occur via two different reactions. The first
reaction is formation via an unzipping process of the PTFE chain (point 3), with a
relative energy of 218.08 kJ-mol™. Another reaction, which is not shown, is the
formation of CoF4ee via addition reaction of two CF.e¢ radicals. This reaction is

endothermic and the CyF4¢ radical concentration via this reaction is also not
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significant. It is therefore proposed that the main source of C,F4e radicals are via
unzipping of the PTFE chain. The fact that the C,F¢* radical forms the basis of a
large number of the other reactions is a good indication that the applied thermal
energy for the depolymerisation reaction is above 218.08 kJ-mol™". The large role that

kinetics plays is very clear in this case in particular.

CoF; formation

Another product that is thermodynamically stable (Chapter 6) is the difluoroethyne
(CoF,, F-C=C-F+*) molecule (point 4). This molecule may exist as a cis or trans
radical, or as a difluoroethyne molecule. According to modelling results the existence
of this molecule, in all its forms, is only possible at high energy inputs. The relative
formation energy of the C,F, molecules, via the proposed reactions, range between
898.81 kJ-mol™” for the ethyne, to 1099.71 kJ-mol™ for the cis C,F, molecule. The
existence of these molecules is highly unlikely even at the high-temperature

depolymerisation conditions (800 and 900 °C).

HFP formation

The CsF¢ (HFP) molecule (point 5) is more stable than the previously discussed
species. According to the model, HFP can form via two different reactions. The first
reaction is where a C,F4°* radical from the matrix reacts with a C,F4e* radical that
originated from a CoF21 PTFE chain. The total relative energy for this reaction is
-189.47 kJ-mol™. Figure 7.9 presents an electron diagram of this reaction. A second
reaction for the formation of HFP follows the splitting of the C-C bond of a CyF4e°
radical as part of a CF.e* transfer reaction with two C,F 4+ molecules, in order to form

two HFP molecules. This reaction results in the formation of HFP at a lower energy (-
381.36 kJ-mol™) than the first reaction, however the H° of reaction 5a is exactly

double that of 5b. It is also an improbable ternary reaction and for this reason.
Reaction 5a will be disregarded. Reaction 5b is therefore the preferred reaction.

OFCB formation

The OFCB molecule shown at point 6 can only form when two C,F4¢* molecules react
with one another to afford the cyclic compound. This reaction reduces the total
reaction enthalpy to -212.96 kJ-mol ™, making this an exothermic reaction. The OFCB
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reaction is one of the most energetically viable reactions. OFCB is also one of the
most stable fluorocarbon molecules because of the extraction of de-stabilising
electrons from the ring by the fluorine atoms.®®

TFE formation

The TFE molecule, at point 8, can again form via two reactions. The first reaction is
where C;F; reacts with fluorine to form TFE. Even if the fluorine is substituted from a
PTFE chain, the energy to form C,F; is too high to overcome, and this reaction will
not take place to a significant extent. The second reaction for TFE formation is via
double bond formation of the last two carbons of a PTFE chain and the subsequent
ejection of TFE from the chain (unzipping). With the relative reaction enthalpy of
85.36 kJ-mol” the formation of TFE directly from PTFE is very probable. The TFE
yield at low temperatures is high, which can be explained because the unzipping
reaction dominates depolymerisation. At higher temperatures the unzipping reaction
competes with other reactions and the TFE yield would decrease. It is therefore
proposed that the TFE formation still mainly takes place via the unzipping reaction.

OFP formation

The perfluorinated product OFP, at point 9, can form via three possible reactions.
The first (point 9¢) and most unlikely reaction is when PTFE transfers fluorine and
CF 2+ radicals, along with C;F 4+« from the matrix, to yield OFP. The fact that this is a
four molecule reaction and that fluorine transfer is needed makes this reaction not
likely because of the positive formation energy (Table 7.2). The second most stable
reaction (point 9a) is where fluorine is transferred from PTFE to HFP. This reaction
seems to be the most viable of the three reactions, with a total enthalpy of
11.15 kJ-mol™. The third reaction (point 9b) uses one C,F4+* radical from the matrix
and another from a PTFE chain. In the same reaction fluorine is transferred from the
PTFE chain to form OFP. The total enthalpy for this reaction is 77.07 kJ-mol ™, which

does not make it the preferred reaction for the OFP formation.

HFE formation

There are three proposed reactions whereby HFE (point 10) can be formed. The first
reaction (point 10c) makes use of the C,F, molecule and that four fluorine atoms are
transferred from the PTFE chain. The total energy necessary for this reaction is
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higher than the initial available energy and therefore this reaction is not expected to
be the source of a high concentration of HFE. The total energy of the reaction at the
second (point 10a) and third (point 10b) reactions both decrease. In the second
reaction, fluorine is transferred to C,F4* from the PTFE chain to form HFE and the
total reaction enthalpy reduction is -118.8 kJ:-mol". In the third reaction, two CFse
radicals react with one another to form HFE. This reaction reduces the total reaction
enthalpy by the largest amount of -212.26 kJ-mol™”. Reaction point 10a and b are
both preferred reactions, which were found to take place at higher pressures (50 to

100 kPa) where the collision probability is higher.

Final simplified mechanism for Route 2
A summary of the reactions taking place in Route 2 of the depolymerisation

mechanism is presented in Figure 7.23.

1
wore CF — CF g— BFy {C1oF 1)

annoe CF—CFy (CoF1o)

e GF 5 (CeF17)

CF3 CF? CFa—CFZ *CFS
9 7

Figure 7.23: Summary of Route 2 of the depolymerisation mechanism

In Route 2, it was proposed that TFE, HFP and OFCB were formed via the same

reactions as in Route 1 and HFE as well as OFP (perfluorinated products) will
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additionally form via F transfer reactions from PTFE. These reactions only took place

significantly at high temperatures (> 700 °C).
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7.5 CONCLUSIONS

According to the results presented in Chapter 4, it was proposed that the product
formation after the depolymerisation of PTFE occurs according to two mechanistic
routes. In this chapter the process of molecular modelling was applied in supporting
the individual reaction equations that are proposed for the mechanism for the

depolymerisation of PTFE as presented in Chapter 5.

The formation energies for the individual radicals, molecules and transition species
were calculated after their geometries were optimised. From this data the two energy
diagrams for the two proposed mechanistic routes were drawn and analysed. Finally,
according to thermodynamic and some kinetic considerations, the two final

mechanistic routes were proposed.

Route 1 at low temperature (600 to 700 °C):

Route 1
CioF21* — CgF17° + CoF 4o+
CoF4s — TFE
2C5F 4+ — HFP + CFzee and 2CFyee = CoF4
2C,F4+» — OFCB

and Route 2 at high temperature (700 to 900 °C).

Route 2
C1oF21 — CF2ee + CyF 4 + C + CxFy (CxFy is fractions of PTFE)
CoF 4 — TFE
2C5F 4+ — HFP + CF2¢+ and 2CF,es = C,F,4
CoF4ee + CFpee — HFP
2C;F 4+« - OFCB
CoF e + CqoF21* —» HFE + CyoF 19 + C
2CF3+ - HFE
HFP + C1oF21* > OFP + CyoF1g* + C
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Chapter 8

A Thermogravimetric Investigation of the Kinetics of PTFE

Depolymerisation

8.1 Introduction
8.2 Theory
8.3  Experimental method

84 Results and discussion

8.5 Conclusions
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8.1 INTRODUCTION

The purpose of this chapter is to study the depolymerisation kinetics of PTFE by means
of isothermal mass loss data. This data obtained during the thermal decomposition of
PTFE, can be used to provide kinetic information (order of reaction (n), rate constants
(k) and the activation energy (E.q)) of the PTFE depolymerisation process at different
temperatures. The calculated n, k and E, values can be substituted into appropriate
equations to obtain the calculated mass losses at each temperature. A graphic
comparison (an overlay of experimental and calculated plots) between the experimental
and calculated isothermal mass losses will then verify the validity of the calculated n, k

and E,q values.

8.2 THEORY

The kinetics of the depolymerisation of PTFE is described according to:®”-¢®

PTFE—*>Products

The following general rate equation is used for data analysis:

dx _

-—=k-x" 8.1
dt

where x is the PTFE mass, in mg, at time t, relative to the initial mass; (x = m/myg), k is
the depolymerisation rate constant, in s, and n is the order of the reaction, usually

varying between 0.5 and 1.

The two kinetic constants, k and n, can be obtained from experimental results by taking

the logarithm of Equation 8.1:
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—In[dl] =Ink +ninx 8.2
dt

Hence a plot of the left hand side of Equation 8.2 In(dx/dt) versus Inx, will yield a plot
with the slope equal to n, the reaction order. The y-intercept at Inx = 0 gives Kk, the rate
constant. When Equation 8.2 is integrated the following equation (8.3) is found. The

derivation of this equation is shown in Appendix 1:

x = 1-(1-nkt 8.3

Equation 8.3 can be used to simulate the TGA diagram, once the reaction order and the
rate constant have been determined. The temperature dependence of the rate constant
can subsequently be analysed using the Arrhenius equation (Equation 8.4). In this way

the activation energy (Eac: in kJ-mol™) can be determined.
_Ead
k=ke &1 8.4

Where ko is the pre-exponential rate constant, R is the universal gas constant and T the
reaction temperature. An Arrhenius plot gives the activation energy and the pre-

exponential rate constant:

Eoo 1
In(k):—?‘—x?ﬂn(ko) 8.5
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8.3 EXPERIMENTAL METHOD

Isothermal TG analysis of unfilled PTFE was performed using a Perkin EImer PGS2 TG
analyser working on a counterbalance principle. Approximately 5 mg of an unfilled PTFE
sample was introduced into the TG analyser and the instrument zeroed. This sample
was heated to a predetermined temperature at a heating rate of 40 °C-min”" with
nitrogen as a carrier gas, at a flow of 30 ml'min”, and kept constant at the
predetermined temperature for 40 minutes. The following temperatures were
investigated: 500, 510, 520, 5§30, 540, 550, 560, 580, 600 and 620 °C.

Experimentation at higher temperatures was attempted, but the isothermal method does
not work at too high temperatures (> 620 °C), as the PTFE is already depolymerising to
a large extent while heating up is still in progress. This experimentation was therefore

abandoned.
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8.4

RESULTS AND DISCUSSION

The thermogram in Figure 8.1 presents the isothermal mass loss of PTFE at different

temperatures ranging from 500 to 620 °C.
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Figure 8.1:

Isothermal mass loss of PTFE

With a heating rate of 40 °C-min™ it takes 12 minutes to reach 500 °C. As can be see

from Figure 8.1, at this temperature the depolymerisation rate is low and the amount of

PTFE depolymerised below 500 °C can be ignored. Above 580 °C, however, the initial

shape of the three curves clearly indicates that depolymerisation below the isothermal

set point can nec longer be ignored. For this reason, in the data analysis, only the later

section of the curve is used. Thermograms above 620 °C clearly cannot be measured as

all PTFE has already been depolymerised before the set point is reached. The two

curves at 520 and 540 °C do not follow the regular pattern of the other thermograms.

For an unknown reason they seem to closely resemble 510 and 530 °C thermograms.
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The data presented in Figure 8.1 was transferred into Figure 8.2, using Equation 8.2.

In{x) |

L _ oo

Figure 8.2: A plot of —In{dx/dt) vs In(x) at different temperatures
Note that x = (m/my), and initially In{x) = 0.

Some of the graphs in Figure 8.2 (520, 550 and 560 °C) presented some irregularities at

the beginning of the experiment, which may be contributed to the sample shape.
The order of the reaction (n) and the reaction rate constants (k), as calculated from data

in Figure 8.2, where n, the slope and k, the y-intercept, are presented in Tables 8.1 and

8.2 respectively.
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Table 8.1: The n (order of reaction) values for the different temperatures

T (°C) Slope (n)
530 0.48
240 0.57
550 0.66
560 0.57
580 0.48
600 0.47
620 0.50

Average | 0.54 £ 0.08

As is evident from the table, the slopes (order of the reaction) do not differ significantly
nor systematically and in the further analysis the average n value of 0.54 will be used. It
is important to remember that the order is not the order for the product formation

reactions, but for the PTFE depolymerisation reaction.
Conesa and Font in 2001 and Doyle in 1961 found the order of the depolymerisation
process to be zero. ® *¥ This is in contrast to the order found in this study, possibly

because in this study a wider temperature range was investigated.

The 0.54 reaction order was used to calculate the values for k by best fit of Equation 8.4.

This data is presented in Table 8.2
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Table 8.2: The k values as determined over a temperature range of 500 to 620 °C

T (°C) Rate Constant (k {s™))
500 3.79-10°
510 8.51-10°
520 9.09-10°
530 2.60-10™
540 2.88-10™
550 7.82-10™
560 1.14-10°
580 1.94-107
600 4.03-10°
620 9.45-10~

As presented in Table 8.2 the reaction constants, k, increase from 3.79:10° s to
9.45-10° s, which indicates that the reactions at 620 °C take place at a rate
approximately two orders of magnitude faster than at 500 °C. This is in accordance with
work done by Wall®® who found the reaction constant k at 500 °C to be 5.51-10° s™.
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The Arrhenius plot is presented in Figure 8.3 using the data from Table 8.2.
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Figure 8.3: Arrhenius plot of In{k) vs 1/T

The data can be described by one activation energy equal to 260 kJ.mol™ and a pre-
exponential factor ko=1.78x10" s, The straight line is an indication that the calculated

order of 0.54 for the depolymerisation process seems correct.

This activation energy for the depolymerisation process is a little less, but still in line with
activation energies stated in the literature for example: Cox et al determined the
activation energy to be 318.2 kJ-moi”",“*" Siegle et al determined the activation energy
to be 347.5 kJ-mol™ “® Carroll and Manche who proposed that the depolymerisation of
PTFE takes place in two steps, indicating two activation energies, 353.55 kJ-mol™ and
191.21 kJ'mol™."*® Wall calculated an activation energy of 166 kJ-mol™”, but used

radiation depolymerisation which is highly dependent on the sample thickness.®®
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Simulation of the thermograms
In order to validate the reaction rate model given by Equation 8.1 the full thermograms

were simulated, an example of which is given in Figure 8.4 at 550 °C.

1 . -
08 =
06 +— |
x |
04
\
0.2 ‘
0 . . . |
0 500 1000 1500 2000
time (s) '

Figure 8.4: Experimental data vs simulated data (bold curve) at 550 °C, k=7.82x10™
-1
s, n=0.54

Although the position of the simulated curve corresponds well with the experimental
values, the shape is different. The experimental curve is closer to a straight line. This
might well be a consequence of the fact that the PTFE sample has a continuous
molecular weight distribution and that the isothermal depolymerisation rate continuously
decreases with the degree of depolymerisation (i.e. the continuous re-distribution of the
molecular weight during depolymerisation). This phenomenon is ocbserved in all

thermograms.
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8.5 CONCLUSIONS

Isothermal TGA data was used to calculate the order (n), rate constant (k) and activation
energy (Eaq) of the depolymerisation process for unfilled PTFE over a temperature
range of 500 to 620 °C. It was determined that the order of the depolymerisation
reaction is 0.54 + 0.08 and the rate constants, at different temperatures, were calculated
to increase from 3.79-10° s to 9.45:10° s as the temperature is changed from 500 °C
to 620 °C. This order is in contrast to the values found in the literature by Doyle®®,

Conesa and Fort'®, Cox et af*" and Siegle et af*®.

The activation energy was calculated to be 260 kJ-mol” and the pre-exponential factor
ko= 1.78:10" s'. This activation energy differ significantly from the energies reported in
the literature by Cox et al, Siegle et al and Carroll and Manche®®*® (Chapter 1). A
possible explanation is the sample preparation of the PTFE before it is introduced into
the TGA oven. This experimentally determined value is the activation energy for the
depolymerisation process of PTFE into TFE. The activation energy according to
Chapter 7 is 218.08 kJ-mol™.

The fact that the simulated isothermal diagram closer resembles a straight line as
opposed to the model seems to indicate that the depolymerisation rate for a PTFE
sample is not constant. It is postulated that this is a direct consequence of the
continuous re-distribution of the molecular weight of the polymer during

depolymerisation.
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The Characterisation of PTFE Feed Material Before and

During Depolymerisation
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The results presented in this chapter was accepted for publication by the author in

Journal of Applied Polymer Science on 2007/09




9.1 INTRODUCTION

As discussed in Chapter 3, PTFE is often filled with filler materials like graphite,
bronze, glass fibre, etc., in order {0 enhance certain physical characteristics of the
polymer. Unfilled as well as filled PTFE can be depolymerised to form a variety of
high-value products. The purpose of this chapter is to characterise different filled

PTFE samples in order to determine their ability to be depolymerised.

For filled PTFE to be successfully depolymerised, the filler material must not take
part in the reaction as this may lead to unnecessary product contamination for
example low-melting metal contamination, hydrocarbons, and more. For this reason
the different filler materials must be evaluated for compliance with the

depolymerisation conditions.

One of the main objectives of this study was to develop a system whereby filled
PTFE can be depolymerised on a continuous basis. At the beginning of this study the

following hypotheses and criteria were made regarding such a system:

1. During the depolymerisation step the PTFE does not stick to the walls of the
reactor,

2. Forward movement and positive flow properties of the PTFE are assumed;

3. The PTFE feed material is free-flowing;

4. The flow properties of the solid residue (filler) after the depolymerisation
process are such that it can be removed from the reactor on a continuous
basis;

5. No blockages occur in the reactor, quench or off-gas systems;

6. The residence time in the reactor is such that the feed material has enough
time to be fully depolymerised;

7. The system can be optimised to produce desired products like
tetrafluoroethylene (TFE), hexafluoropropylene (HFP) and
octafluorocyclobutane (OFCB), and minimise unwanted products like
hexafluoroethane (HFE), octafluoropropane (OFP) and perfluoroisobutylene
(PFiB).
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A hypothesis can further be made that the following properties will have an influence

on the depolymerisation process of PTFE, especially when the development of a

continuous depolymerisation system is envisaged:

o2 | B o=

Particle size of the feed material;

Type offiller;

Particle size of the fifler;

Physical shape of the filler (fibres, rough edges);

Melting point of the filler;

Chemical stability of the filler material at the envisaged depolymerisation

temperature;

7. Flowability of the filled PTFE feed material as well as that of the filler material;

The flow property characteristics of the viscous PTFE mass in the

depolymerisation process.

Several experiments were performed in order to test the different aspects of

continuous depolymerisation inside a horizontal reactor:

9.2

1. Polymer and filler characterisation;

Mechanical properties of PTFE during the depolymerisation process inside a
laboratory scale Rotating-kiln Reactor,;
Residence time of unfilled as well as filled PTFE samples inside a Paddle

Reactor.

POLYMER CHARACTERISATION

The amount of filler material added to PTFE may vary for different applications. For a

depolymerisation system to operate continuously, it must be able to separate the filler

residue from the gaseous product while the system is in operation. Sintering or a

build-up of the filler residue inside the reactor will ultimately cause blockages.

Therefore, the depolymerisation temperature of filled PTFE, where the filler has a

relatively low melting point, must be chosen with care. The flow properties of the feed
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material and the filler residue must also be taken into account during the

depolymerisation system design.

9.2.1 Feed material

In this study, four types of free-flowing granulated PTFE, namely graphite-, glass
fibre-, bronze-filled and unfilled PTFE were used (Figure 9.1). Pure filler material was

also obtained from the suppliers for evaluation purposes.

Figure 9.1: Granulated unfilled and graphite-, bronze-, and glass fibre-filled
PTFE

9.2.2 Thermogravimetric analysis of different fluoropolymers

Different fluoropolymers were evaluated in order to determine if they could be
distinguished from one another by means of thermogravimetric (TG) analysis. Six
different samples (tetrafluoroethylene-hexafluoropropylene-vinilidinefluoride

copolymer (THV), ethylene-tetraflucroethylene copolymer (ETFE),
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Hexafluoropropylene-Tetrafluoroethylene-Ethylene copolymer (HTE), perflucroalcoxy
(PFA), Fluorinated-Ethylene-Propylene (FEP) and polytetrafluoroethylene (PTFE))
were analysed, and the results are presented in Figure 9.2. In the latter case a 20 %
graphite-filled PTFE sample was used, thus the lack of complete weight loss. This
however did not influence the depolymerisation temperature significantly because of

the slow temperature increase by the TG instrument.
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Figure 9.2: Thermograms of THV, ETFE, PFA and graphite-filled PTFE
(heating rate = 5 °C-min™")

The chemical structures of these polymers are presented in Table 9.1.
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Table 9.1: Chemical structure of the different fluoropolymers
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It was observed that the THV and ETFE depolymerisation temperatures are close to
one another at ~425 °C. The depolymerisation temperature for PFA is ~500 °C, and
for PTFE ~525 °C. From these results it can be concluded that it is possible to
distinguish between the different polymers using the dissociation temperature
determined by TG analysis, except for ETFE and THV. This is a proven analytical
method for qualification and identification of the fluoropolymers. These results also
show that the TGA can be used to qualify/identify industrial polymers as well as the
identification of waste fluoropolymers that can be used for depolymerisation i.t.o.

waste treatment.

As will be discussed further in this study (Chapter 11) the characterisation of waste
fluoropolymers before the depolymerisation process, is a very important
consideration, because not all types of fluoropolymers are suitable for a specific
system and can lead to blockages of the reactor. Other problems can be blockages

of the quench system and product gas contamination.

The TGA method determines the depolymerisation temperature for different
polymers. The depolymerisation temperatures of THV, ETFE and PFA differ
significantly from that of PTFE. PTFE depolymerises at approximately 540 °C, PFA at
510 °C, THV and ETFE both at approximately 440 °C as can be seen in Figure 9.2.

These decomposition temperatures are specific to the type of polymer. The
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depolymerisation properties of different flucropolymer samples will be discussed in
Chapter 11.

9.2.3 Thermogravimetric analysis of filled PTFE

TG analysis was employed to determine the amount of filler in the feed material, as
well as the thermal stability of the filler at the depolymerisation temperatures that

were used in this study.

The results obtained from the TG analyses are presented in Figure 9.4. Filled PTFE
samples were analysed and found to have different amounts of filler material

encapsulated in the PTFE.
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Figure 9.3: Thermogravimetric curves of different filled PTFE samples

The results of the depolymerisation inside the TGA and the amount of filler material

contained is presented in Table 9.2.



Table 9.2: Amount of filler material in filled PTFE samples
Filled PTFE sample Wt % Filler
Graphite-filled PTFE 21 .85
Bronze-filled PTFE 39.46
Glass fibre-filled PTFE 22.33

An important result additional to the filler content is the stability of the different filler
materials. If there were any significant weight loss in the last section of the
thermogravimetric curve (Figure 9.3), then that filler material could not be used in the
depolymerisation process. The fillers used in this study proved to be stable at the

depolymerisation conditions.

9.2.4 SEM/EDX analysis of the filler material

The unused filler (filler not yet incorporated into PTFE) was examined with a
scanning electron microscope (SEM) and the elemental composition thereof

confirmed by an Energy Dispersive X-ray Spectrometer (EDX) detector.

SEM/EDX analyses confirmed the elemental composition of the fillers. The graphite
filler consisted mainly of carbon with some traces of sulphur. The glass fibre filler
consisted mainly of silicon and calcium, with traces of aluminium, and the

bronze-filler was confirmed to be a tin-copper alloy.

SEM analysis was done to examine the morphology of the fillers because this might
have an influence on the feed properties. According to the SEM analyses, the particle
size distribution of all the fillers was between 10 to 100 um. SEM images of the
different filler materials are presented in Figures 9.4a to ¢. The giass fibres were 50
to 100 um in length and 10 um in diameter rods (Figure 9.4a). The bronze and
graphite filler particles (Figures 9.4b and 9.4c) were finely-divided and of irreguiar
shape. These images represent the filler (from the supplier) before it was introduced
into the PTFE matrix.
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Figure 9.4a: SEM image of glass fibre filler
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Figure 9.4b: SEM image of bronze filler
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Figure 9.4c: SEM image of graphite filler

It was found that all the filler materials investigated in this study, were free-flowing
and a conclusion was made that after depolymerisation of filted PTFE, the residue
filler should pose no problem regarding their flowability in a continuous system. In
such a system, the filler material has to be removed on a continuous basis, for
example in the Paddle Reactor or in a rotating oven. Even seemingly problematic

filler shapes like for instance needle-like fillers must be removed from the reactor.

9.3 IN SITU ESEM OBSERVATION OF FILLED PTFE DURING
DEPOLYMERISATION

Environmental Scanning Electron Microscopy (ESEM) is a technique where an
enclosed hotplate is installed inside a SEM while the instrument is operated in an
alternative atmosphere under low vacuum. Inside this hotplate compartment a
separate ventilation system is operational. This enables one to observe, for instance
decompositions under different atmospheres (Chapter 3, Section 3.2.5). In this study
the ESEM mode was used to observe the depolymerisation process of glass fibre-
filed PTFE at 450 °C. A CD with the video of this process is included inside the back

cover of this thesis. {Opening of the file is described in section 3.2.5)
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A series of photos are presented in Figures 8.5 to 9.14 of the glass fibre-filled PTFE
being depolymerised isothermally at 450 °C in different stages of the
depolymerisation process. These pictures were taken as the PTFE increased to
450 °C. Here it can clearly be seen that the PTFE staris to become a highly viscous
liquid before the viscosity decreases as the temperature increases. At a later stage
the polymer boils as the depolymerisation process takes place. The filler material can

always be seen and never takes part in the depolymerisation process.

a3

Figure 9.5: Cold PTFE

Figure 9.7: Surface depolymerisation Figure 9.8: Core of particle melts
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Figure 9.13: Process continues Figure 9.14: Volume decreased

147



Note that at this temperature of 450 °C the depolymerisation time was relatively long,
in the order of 30 min. Heat transfer limitations at the hot stage may, however, also

have slowed down the process.

9.4 VISUAL OBSERVATION OF THE EFFECT OF HOT PTFE ON
REACTOR WALLS

The purpose of this section was to visually observe the effect of hot PTFE on the hot
walls of a laboratory scale Rotating-kiln Reactor. The experimental setup and
conditions are described in detail in Chapter 3. It was observed that the PTFE did not
stick to the sides of the reactor before or during the depolymerisation process. During
repeated rotation of the tube reactor through 45°, the following photo was taken (see
Figure 9.15).

Figure 9.15: Photo of depolymerising PTFE inside the laboratory size, manually
turned, Rotating-kiln Reactor (through 45 °) at 400 °C

At 400 °C the glass fibre-filled PTFE exhibited a sweaty texture and slid back when
the kiln was rotated through 45 °. At 450 °C the PTFE had a fluffy texture but it was
still solid and slid back when the kiln was rotated through 45 °. At 500 °C the PTFE
formed a high viscosity cake, but did not stick to the kiln wall. It still slid back when
the tube was rotated through 45 °. At 520 °C, the PTFE became opaque to

transparent in appearance, but still slid back when the kiln was rotated through
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45 °. At 550 °C, the volume of the PTFE seemed to increase. In appearance it was
now totally transparent and started to form a thick and viscous liquid. At 580 °C the
PTFE started to “boil” (sublimate) and white gas fumes appeared. This thick viscous
mass rolled back when the tube was rotated through 45 °, without sticking to the
walls. The volume reduced rapidly at 590 °C as the material was vaporised. Only the

undepolymerised filler residue remained.

This experiment proved that:

1. Filled PTFE can be depolymerised on a continuous basis inside an inclined
reactor;

2. The hot PTFE inside the reactor did not stick to the sides, but slid back to the
bottom of the kiln during rotation;

3. The PTFE as well as the undepolymerised filler moved easily through the

reactor.

It can therefore be concluded that filled PTFE can be depolymerised on a continuous
basis in a declined reactor such as a Rotating-kiln Reactor. No problems should be
expected regarding the sticking of hot PTFE to the reactor walls and the filler material

also free-flows through the back end of the reactor where it can be discharged.

9.5 THE RESIDENCE TIME OF UNFILLED AND FILLED PTFE IN THE
PADDLE REACTOR

9.5.1 Introduction

Determination of the mean residence time and the residence time distribution of the
feedstock inside the reactor is an important property to know in designing a reactor. If
depolymerisation is not efficient, it means that PTFE is not completely depolymerised
and, in the case of filled PTFE, the filler material is still covered with polymer. To
optimise the depolymerisation efficiency, experimentation at the required
depolymerisation temperature must be performed where the residence time can be
varied. For safety purposes, these experiments were performed at ambient

temperatures and a relation between the actual residence time (the actual time that
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the filler material spends inside the reactor during a hot experimental run) and the
measured residence time (the residence time measurements of filled PTFE inside the
Paddle Reactor without heat applied) was experimentally determined. Room
temperature is actually the worst scenario in terms of residence time because the
cold PTFE consists of hard, low-friction particles which move effortlessly through the
reactor. A description of the system used for the residence time experiments was
given in Chapter 3 (the Paddle Reactor). With this reactor the paddle rotation speed

and reactor angle was varied in order to vary the residence time.

9.5.2 Experimental procedure

A given amount of polymer granules was introduced into the Paddle Reactor at time
zero. The mass of the granules was recorded continuously with time, in order to
determine the mean residence time and the residence time distribution inside the
oven. The variable operating parameters were the inclination angle of the oven (2°,
4°, 6° and 7°) and the rotation speed of the paddles (2, 4.5, 7, 9.5 and 12 rpm). Four
different PTFE samples were tested: unfilled-, bronze-filled-, graphite-filed- and glass
fibre-filled PTFE.

9.5.3 Results and discussion

A typical result is presented in Figure 9.16. This particular sample (unfilled PTFE at a
reactor angle of 4° and a paddie rotation speed of 7 rpm) took 330 seconds to
completely pass through the reactor while it takes ~80 seconds for the first granules
to leave the oven. The mean residence time for this sample was 161 seconds. The
time at the peak of the first derivative was used as a measure of residence time
through the reactor. This corresponds to approximately half of the sample that had

moved through the reactor.

150



0.055 1 — 7 075
0.7
0.05 |
085
0.045 r 06
0.04 0.55
r 0.5
0.035
0.45
= -
3 o0 o4 2
2 2
2 0025 035 2
° Loa
0.02
0.25
0.015 02
0.15
0.01
0.1
0.005 o
0+ T : T F = - s ; . . —t0
] 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 380
Residence Time (sec)
dmass —& mass — Poly. (d mssﬂ]

Figure 9.16: Residence time and residence time distribution of unfilled PTFE in
the Paddle Reactor

This experiment was repeated for the four filled PTFE samples at different angles (2°,

4° 6° and 7°) and different rotation speeds (2, 4.5, 7, 9.5 and 12 rpm) of the paddie

screw. The results of this series of experiments are presented in Table 9.3.
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Table 9.3: Residence time of filled and unfilled PTFE samples in the
Paddle Reactor under varying conditions
Reactor Angle PTFE Paddle Speed (rpm)
(") Sample 2.0 4.5 7.0 9.5 12.0

Mean Residence Time (s)

2 Unfilled 650 277 164 121 100
4 Unfilled 521 238 161 127 102
6 Unfilled 433 179 112 104 84
7 Unfilled 374 170 148 91 83
2 Bronze 634 278 223 194 114
4 Bronze 575 221 158 149 124
6 Bronze 366 178 122 85 77
7 Bronze 432 197 141 91 74
2 Graphite 636 263 170 126 94
4 Graphite 554 248 172 137 106
6 Graphite 462 197 120 100 84
7 Graphite 440 200 129 100 83
2 Glass 655 308 220 203 122
4 Glass 504 242 165 129 105
6 Glass 455 189 127 98 76
7 Glass 444 227 153 99 83

When the mean residence time is plotted against the paddle rotation speed for the
different angles, (2, 4, 6 and 7 degrees declined), it can be observed that the
residence time of PTFE inside the reactor increases as the angle decreases and the
rotation speed of the paddle screw decreases. The mean residence time of the PTFE
varied between 74 seconds for bronze-filled PTFE at a reactor angle of 7 ° and
paddle screw speed of 12 rpm, to 655 seconds for glass fibre-filled PTFE at a reactor

angle of 2 ° and a paddle screw speed of 2 rpm. Figure 9.17 presents the
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dependence of the residence time on the filler material as a function of different
reactor angles and different paddle rotation speeds. Individual graphs for 2, 4, 6 and

7 degrees are presented in Appendix 4 for more clarity.
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Figure 9.17: Residence time of different filled PTFE samples at different reactor

angles as a function of paddie rotation speed

Generally the trends of the different sampies at the different parameter settings are
the same. From Figure 9.17 it can be seen that the mean residence time is less
sensitive at paddie rotation speeds of > 5 rpm. At a low speed (2 rpm) though, the
residence time increases significantly, in most cases almost doubling the time the

samples spend in the reactor.

Another parameter that was investigated was the reactor angle. The effect of the
reactor angle on the residence time is greater at slow paddle rotation speeds than at
high rotation speeds. The general trend is also an increase in the residence time with

decreasing reactor angle. This is the case for all four the samples.

Figure 9.18 is a three dimensional contour graph of the residence time of unfilled

PTFE as a function of paddle rotation speed and reactor angle.
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Figure 9.18: Residence time of unfilled PTFE as a function of paddle rotation

speed and reactor angle

In this figure the iarge effect of the paddle rotation speed is clear. A sharp increase in
the residence time, for all the reactor angles, when the paddle rotation speed was
decreased from 4 to 2 rpm was observed. At the higher rotation speeds the

residence times can be up to two orders of magnitude less. Graphs for the filled
PTFE samples are included in Appendix 4.

In order to choose a paddle rotation speed and a reactor angle where experiments
can be performed, the sensitivity of the system to change must be evaluated. For
example at paddle rotation speeds of higher than 6 rpm, there is little change in
residence time when the reactor angle is varied. However at a paddle rotation speed
of 2 rpm, the residence times varies over-abundantly when the reactor angle is
changed. At a paddle rotation speed of ~4 rpm, there is a significant change in

residence time when the reactor angle is varied, but the change is manageable.
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9.6 CONCLUSIONS

Upon analysis of the TGA polymer characterisation results it was found that the
depolymerisation temperature of PTFE was at least 25 °C higher than any of the
other polymer test samples. The polymer that closest resembled the PTFE

depolymerisation temperature was PFA.

From the TG analyses it was found that the filler content of the PTFE may differ. The
test samples typically contained between 20 to 40 % filler. Another result from the
filler content test was the observation that the filler material that is to be used in this
study is stable at the depolymerisation temperature and therefore will not

contaminate the depolymerisation product.

The SEM analyses show that the filler materials differ in physical appearance as well
as chemical composition. Glass fibre filler for example exhibits rod-like structures as

opposed to the more rounded form of graphite and bronze fillers.

It was visually observed that the PTFE did not stick to the sides of a stainless steel
tube reactor (laboratory Rotating-kiln Reactor) during the depolymerisation process

upon rotation.

The type of filler material did not influence the residence time needed for complete
depolymerisation significantly. The residence time can be accommodated by
manipulating the reactor angle and the paddle rotation speed only. For the set-up
used in this study, the longest residence time observed was 655 seconds for glass
fibre-filled PTFE, at a reactor angle of 2 degrees and a paddle rotation speed of 2
rem. The shortest residence time was 74 seconds for graphite-filled PTFE at a

reactor angle of 7 degrees and a paddle rotation speed of 12 rpm.
At paddle rotation speeds of < 4 rpm the residence time becomes very sensitive for

change. It is therefore suggested that experimentation be done at paddle rotation

speeds of ~ 4 rpm where the change in residence time is manageable. The change in
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reactor angle poses a less severe change in residence time beyond 4° and this is

also the suggested reactor angle.

The results obtained in this chapter are very important input parameters for the
chemical engineering design of a commercial plant as described in Chapter 12.

Some of these parameters are:

» Depolymerisation temperature (energy inputs) required for the different
fluoropolymers;

¢ The residence time will determine the size of the reactor and it must be
sufficient to ensure complete depolymerisation ;

e The amount of filler (un-depolymerised fraction) is important in determination
of the capacity of feed hoppers, waste hoppers and the amount of material
that can be accommodated inside a typical rotating kiln reactor,

¢ The flowability of the feed material.
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Chapter 10

The Depolymerisation of unfilled and filled PTFE in a

Paddle Reactor
10.1. Introduction
10.2. Experimental method
10.3. Results and discussion
10.3.1. Depolymerisation efficiency of the Paddle Reactor
10.3.2. Analyses of the depolymerisation products
10.4. Conclusions

[.J. Van der Walt, A. T. Grunenburg, J. T. Nel, and ©O. S. L. Bruinsma, G. G. Maluleke, The
Continuous Depolymerisation of Filled Polytetrafiucroethylene (PTFE). (Accepted for publication
at the Journal of Applied Polymer Science, August 2007)




10.1 INTRODUCTION

The Depolymerisation of PTFE, as described in Chapter 4, was done at temperatures
between 600 fo 300 °C and at or below atmospheric pressure (between 10 and
100 kPa). The Drop-tube Reactor described in Chapter 4 was not able to
depolymerise filled PTFE on a continuous basis because the filler accumulated inside
the reactor, which eventually blocked. The depolymerisation of filed PTFE by a
continuous process requires a reactor design where the reactor is able to separate
the product gases and the filler material, and dispose of the filler on a continuous

basis, while the PTFE is being depolymerised.

In this chapter the development of such a continuous process whereby unfilled as
well as filled PTFE waste can be converted into useful products like TFE, HFP and
OFCB will be described, while the formation of other less wanted species like TFM,
HFE, OFP and PFIB will also be discussed.

10.2 EXPERIMENTAL METHOD

A detail description of the Paddle Reactor system as shown in Figure 10.1 is given in
Chapter 3.

During these experimentation, special precautions were taken when working at sub-
atmospheric pressures, because TFE and oxygen (that can accidentally leak in), can

under certain conditions form an explosive mixture.

At the start of each experiment the reactor was heated to the required temperature.
The system was continuously evacuated to the desired pressure. After reaching a
stable temperature, the PTFE was fed at a constant rate into the reactor via the
screw feeder. When the PTFE entered the reactor, the paddle screw forced it into the
hot zone and the depolymerisation process started. As soon as the gaseous products
were generated, they were quenched by the quench probe at the reactor outlet. After
guenching, the product gas was analysed by an inline GC and confirmed by a
GC/MS. The filler material remaining after the depolymerisation process passes

through the reactor and accumulates in the solids residue hopper.
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The PTFE was fed at a rate of 1 kg'h™, at a 4° angle and at a rotation speed of

4 rpm as determined in Chapter 9.
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Figure 10.1: A schematic presentation of the depolymerisation Paddle Reactor

and the feed and discharge system

During experimentation the following aspects regarding the system were

investigated:

1. Determination of the ability of the reactor to depolymerise filled PTFE on a

continuous basis;
2. The depolymerisation efficiency;
3. Analysis of the depolymerisation products.
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10.3 RESULTS AND DISCUSSION

10.3.1 Depolymerisation efficiency of the Paddle Reactor

Table 10.1 is a summary of the amount of filler residue (by mass) that was generated
when 5 kg of different filled and unfiled PTFE samples were depolymerised in the
Paddle Reactor.

Table 10.1: Solid residue originating from filled and unfilled PTFE, collected

after depolymerisation

Material Mass PTFE Filler in Residue Depolymerisation
fed (z) PTFE (x) Collected (y) Efficiency
(kg) (kg) (kg) (%)
PTFE (unfilled) 5.0 0 < 0.05 >99
PTFE (bronze-filled) 5.0 1.97 2.35 87
PTFE (graphite-filled) 5.0 1.19 1.52 91
PTFE (glass fibre-filled) 5.0 1.19 1.63 88

The depolymerisation efficiency was determined using the following equation:

Depolymerisation Efficiency(%) = (Z - y] % 100% 10.1
zZ-X

As seen from Table 10.1 the depolymerisation efficiency of the Paddle Reactor at the

set conditions and for this configuration was >85 %.

It was found that this type of reactor system was able to depolymerise filled as well
as unfilled fluoropolymers without any blockages. No operational difficulties were
experienced after 10 hours of operation. The same experimental conditions were
used for all the depolymerisation experiments. Longer residence times might be

needed for the filled PTFE to be depolymerised more efficiently.
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10.3.2 Analyses of the depolymerisation products

After the exploratory experiments were concluded, the system was set up in such a
manner as to optimise the depolymerisation of graphite-filled PTFE. The reactor was
tilted at a 4 © angle and the paddle screw was set at 4 rpm, corresponding to a solids
residence time of ~4 minutes. The calculated gas residence time is ~60 seconds for
a mass flow rate of 1 kg'h™ filled PTFE (calculation in Appendix 1). The reactor was
operated at 600, 700 and 800 °C while the pressure was set at 10, 30, 60 and
90 kPa. Table 10.2 presents the results of the product analyses (GC) after graphite-
filled PTFE was depolymerised in the Paddle Reactor.

Table 10.2: The GC analyses of the product gas after depolymerisation of
graphite-filled PTFE in the Paddle Reactor (Vol %)

Pressure Temp TFM  HFE TFE OFP HFP OFCB PFIB
(kPa (abs})) (°C) (%) (%) (%) (%) (%) (%) (%)
10 600 247 1063 2843 000  49.06 9.42 ND
30 600 564 1704 3079 942 3022 6.89 ND

60 600 224 941 2767 779 3418 14.65 4.07

90 600 015 174 1491 159  28.82 47.20 5.59

10 700 622  16.48 2.92 2020  26.31 6.79 21.09

30 700 336 1496 1217 2196  28.32 3.76 15.47

60 700 497  19.71 133 2270  20.71 4.48 26.09

90 700 425 2561 2.82 10.77  39.65 3.08 13.82

10 800 400 2353 349 1299  47.91 ND 8.07

30 800 726 3228 117 1176  40.60 ND 6.93

60 800 939 3616 094 916  36.20 1.84 6.30

%0 800 17.40 4818 044 7.36 1865 1.47 6.50

ND = Not Detected (Comment: All the results reported in the table above, is the

average of at least three analysis with a standard deviation of less than 0.1 %)

It is clear that the product distribution is quite different from that produced in the
Drop-tube Reactor (Chapter 4) with respect to the formation of high yields of HFE,
OFP, HFP and TFM at most temperatures and pressures, and small concentrations
of TFE. As with the Drop-tube Reactor, these products do not represent
thermodynamic equilibrium conditions, but the higher yields of TFM and HFE (the

thermodynamically most stable products as seen in Chapter 6) indicate that this
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product distribution is closer to this equilibrium point. The formation of each product
will be discussed separately below and is more clearly shown in contour plots
(Figures 10.2 to 10.8).

A computer program called Axum 5.0B for Windows by Mathsoft, Inc. is used for the
graphical presentation of the analytical data as a function of temperature and
pressure. Axum uses the Marquardt-Levenberg nonlinear least squares algorithm to

fit the curves.

The formation of TFM

TFM is formed in significant amounts (up to 17.4 %) at 800 °C and 90 kPa
(Figure 10.2). At 600 and 700 °C the formation of this product with pressure
increased although the yield at 700 °C was twice as high as at 600 °C. At 800 °C, the
yield increased as the pressure increased. This molecule can only form if a CFae
radical collides with a fluorine donor. At 600, 700 and 800 °C, the CF; formation
competes with the HFE and OFP formation.
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Figure 10.2: TFM concentration as produced by the Paddle Reactor
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The presence of TFM is in contrast to the results found in Chapter 4 where TFM only
featured at 900 °C. The reason for this might be the big difference in residence time
in the reactor, between the Drop-tube system (~2 s) and the Paddle Reactor system
(60 s).

The formation of HFE

Figure 10.3 gives the yield contours of HFE. The HFE formation at 600 °C decreased
as the pressure increased. This might be due to an increase in the amount of PFIB
that formed. At 700 to 800 °C the HFE yield increased as the pressure increased and
the yield peaks at almost 50 % at 800 °C and 90 kPa.
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Figure 10.3: HFE concentration as produced by Paddle Reactor

These results show similar trends compared with the Drop-tube Reactor in Chapter

4, but higher yields were observed with the Paddle Reactor.
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The formation of TFE

At 600 °C the TFE yield dropped as the pressure increased (Figure 10.4). The same
trend was observed at 700 and 800 °C, but surprisingly much smalier amounts of
TFE were found (< 5 %). The highest TFE yield (30.79 %) was found at low pressure
(10 to 60 kPa) and low temperature (600 °C).
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Figure 10.4: TFE concentration as produced by the Paddle Reactor
The TFE yield found with Paddle Reactor experiments is in sharp contrast with the

results obtained with the Drop-tube Reactor. The TFE yield decreases as the

temperature and pressure increases.
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The formation of OFP

The OFP concentration contours are indicated in Figure 10.5. A maximum OFP
concentration (22.7 %) was found at 700 °C and 50 kPa. At higher and lower
temperatures the yield dropped.
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Figure 10.5: OFP concentration as produced by the Paddle Reactor

The OFP concentration produced by the Paddle Reactor is at least an order of
magnitude higher than the concentration obtained by the Drop-tube Reactor under
similar conditions. The trend with the Drop-tube Reactor differed as the concentration

increased as the pressure increased.
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The formation of HFP

The HFP vyield contours are presented in Figure 10.6. Three concentration peaks
were observed. The first (49 %) at 600 °C and 10 kPa, the second (~38 %) at 700 °C
and 90 kPa and the third (~48 %) at 800 °C and 10 kPa. A large low-concentration
dip was observed at 700 °C and 50 kPa. This is in the same region as the OFP

maximum.
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Figure 10.6: HFP concentration as produced by the Paddie Reactor
The HFP concentration in the Drop-tube Reactor (Chapter 4) generally increased as

the pressure and temperature increased. The lowest yield was 4.1 % at 700 °C and
5 kPa, and the highest yield 61 % at 800 °C and 80 kPa.
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The formation of OFCB

The OFCB concentration increased as the pressure was increased at 600 °C (Figure
10.7). A sharp rise in concentration was observed and a maximum vyield of 47.2 %
was obtained at 600 °C and 90 kPa. At 700 and 800 °C the concentration dropped

significantly to below 10 %.
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Figure 10.7: OFCB concentration as produced by the Paddle Reactor
Generally lower yields were obtained with the Drop-tube Reactor experiments. OFCB

was produced in significant amounts at 600, 700 and 800 °C. The highest yield
though was 25.1 % at 720 °C and 82 kPa.
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The formation of PFIB

The PFIB yield produced by the Paddle Reactor was significantly higher (26.09 %
max) than that was produced by the Drop-tube Reactor (1.7 %) as indicated in
Figure 10.8. At 700 °C and 60 kPa the highest yield was observed. This is in the

same region as the OFP maximum and the HFP minimum.

PFIB is not one of the wanted products and along with the toxicity hazard, it is one of

the by-products that must be avoided as far as possible.
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Figure 10.8: PFIB concentration as produced by the Paddle Reactor
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10.4 CONCLUSIONS

A system that was able to depolymerise filed as well as unfiled PTFE at
sub-atmospheric pressures, with no carrier gas (less separation necessary and less
waste produced) and on a continuous basis, was successfully developed. The
Paddle Reactor consisted of a screw feeder to feed the filled PTFE into a reactor that
was inclined at an angle of 4 ° (as optimised in Chapter 9). This reactor was fitted
with a centrally-mounted paddle screw, which enhanced the passage of the feed
material through the reactor and the paddles also exerted a scraping action onto the
inner wall of the reactor to prevent the residue from sticking, and to increase the heat
transfer between the PTFE and the hot tube. The outlet of the reactor was designed
to separate the solid residue from the depolymerised gases. When the gas exited the
reactor it was quenched and analysed. The solid residue was extracted in situ with

the double-valve system into a residue disposal hopper.

It was found that changing the temperature and pressure of the reactor can vary the
product composition. Optimising the residence time of the PTFE inside the reactor
can render a depolymerisation efficiency of >90 %. The product composition
generated by the Paddle Reactor differed considerably from that which was
generated by the Drop-tube Reactor described in Chapter 4. The reason for this is
that the residence time of the gaseous product inside the Paddle Reactor was

significantly longer (~60 sec) than in the Drop-tube Reactor (~2 sec).

For the Paddle Reactor the following optimum vyields for the different products were
obtained: An optimum TFE yield of 30 vol. % was obtained at 600 °C and 10 to
60 kPa. The abundance of other products, in comparison with the Drop-tube Reactor
seems to indicate that a shorter gas residence time should be used in case is to be

the major product.
The best conditions to produce HFP in the Paddle Reactor are 600 °C and 10 kPa,

where 50 vol % HFP is produced. Although similar yields are observed at 800 °C and
10 kPa, the lower temperature is preferred as this will lead to lower operating and
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capital cost and less carbon formation and by-products like TFM, HFE and OFP.

Note that this operating condition is the same as for optimum TFE production.

The optimum conditions for OFCB production, the third commercially interesting
product, are 600 °C and 90 kPa leading to a yield of 47 %.

Temperatures of 700 °C should be avoided at all cost in order to avoid the toxic PFIB

from forming.

These results are in accordance with recent work from Meissner et af*®. He built a
small system solely for the optimisation of TFE, HFP and OFCB by changing the
reaction pressure, temperature and residence time. He optimised the product
formation in more detail and could attain even higher yields of HFP.

Although the HFP yield was not as high as was found in the literature, this newly
designed Paddle Reactor system was able to depolymerise filled and unfilled PTFE
on a continuous basis without a carrier gas. This is a new and novel method and the
results were accepted for publication in the Journal of Applied Polymer Science in
August 2007.

170




Chapter 11

Continuous Conversion of Other Fluoropolymer Waste in a

Vibrating Reactor

11.1.  Introduction
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11.3. Results and discussion
11.3.1. The production of fluorochemicals by the depolymerisation of unfilled
and filled PTFE
11.3.2. The production of fluorochemicais by the depolymerisation of PFA
11.3.3. The production of fluorochemicals by the depolymerisation of FEP
11.3.4. The production of fluorochemicals by the depolymerisation of THV
11.3.56. The production of fluorochemicals by the depolymerisation of ETFE and
HTE

11.4. Conclusions




11.1 INTRODUCTION

Other fluoropolymers were developed during the past decades to further enhance the
excellent properties of PTFE. The main disadvantage of using PTFE is the fact that it
is not melt-processible.mThe addition of other monomers did solve the melt-
processibility problem, but unfortunately these polymers did not have the excellent
thermal qualites of PTFE.® 7 The advantages, however, overshadowed the
disadvantages and these polymers are used in abundance. These other
fluoropolymers include Fiuorinated-Ethylene-Propylene (FEP), Perfiuoroalcoxy
(PFA), Ethylene-Tetrafluoroethylene copolymer (ETFE), Hexafluoropropylene-
Tetrafluoroethylene-Ethylene  copolymer (HTE) and  Tetrafluoroethylene-
Hexafluoropropylene-Vinilidinefluoride (THV). These fluoropolymers can be divided
into two groups, namely hydrogen-containing fluoropolymers (THV, HTE and ETFE)
and non-hydrogen-containing fluoropolymers (FEP, PFA).

In this chapter the possibility of depolymerising other fluoropolymers under the same
conditions as with PTFE depolymerisation will be tested, and their depolymerisation
products evaluated against those for PTFE. In this case a vibrating reactor will be
used because the depolymerisation properties for the other fluoropolymers are not
known and a simple reactor setup is needed.
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11.2 EXPERIMENTAL METHOD

As the reactor configuration plays an important role in the products formed, as was
already found in Chapter 10, a series of experiments with filled and unfilled PTFE as
well as with other fluoropolymers were conducted. A Vibrating Reactor was used to
depolymerise the different fluoropolymers on a semi-continuous basis. The main
reason was the ease of operation of the vibrating reactor with regard to the
maintenance when other fluoropolymers were depolymerised. Figure 11.1 is a
schematic presentation of this system. This reactor was operated at the same
polymer feed rate as the Paddle Reactor, but due to its smaller volume has a typical
residence time almost of 10 times shorter than the Paddle Reactor.
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Figure 11.1: A Vibrating Reactor that was used to depolymerise different
fluoropolymers

The polymer was introduced into the reactor from a feed hopper via a screw feeder at
a rate of ~2 kg-h™' polymer. The reactor was fitted with a pneumatic vibrator to
enhance forward movement of the polymer particles. The polymer depolymerised

while moving through the reactor and was separated from the inert solids. The

173




back-end of the reactor was modified to accommodate the inert solids in a filler
collection hopper while the gaseous product was quenched and analysed. The gas
residence time for this reactor was calculated to be ~3.25 s (according to the formula
presented in Appendix 1) at ambient temperature and pressure, which is close to the
Drop-tube Reactor, described in Chapter 4 (~2 s). More details of the system are
described in Chapter 3.

After the depolymerisation process the product gas mixture resulting from
depolymerisation of the different fluoropolymers was analysed by a GC and checked

by a GC/MS. The results were evaluated against that of PTFE as a reference.

The different fluoropolymers were depolymerised in the same reactor under the same

experimental conditions, for comparison purposes.

11.3 RESULTS AND DISCUSSION

In this section the composition of the product gas after depolymerisation of other
fluoropolymers will be analysed in order to evaluate their ability to be depolymerised
to form fluorocarbon products similar to PTFE.

11.3.1 The production of fluorochemicals by the depolymerisation of unfilled
and filled PTFE

The results after analysis of the depolymerisation data for unfilled and filled PTFE are

presented in Table 11.1.
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Table 11.1: Product composition after depolymerisation of unfilled and filled
PTFE in the Vibrating Reactor
Filler Pressure Temp. TFM HFE TFE OFP HFP OFCB PFIB
(kPa(abs)) (°C) (%) (%) (%) (%) (%) (%) (%)

None 21 612 ND ND 814 ND 124 6.0 ND
None 82 805 ND 9.0 128 45 610 107 1.7
Glass 5 600 ND 33 925 ND 41 ND ND
Glass 92 818 ND 0.7 885 ND 99 0.9 ND
Graphite 5 600 ND 20 752 ND 34 ND 19.2
Graphite 27 864 22 39 939 ND ND ND ND
Bronze 33 600 ND ND 948 ND 5.1 ND ND
Bronze 91 869 ND 52 59.0 12 326 ND 1.7

ND = Not Detected

(The results presented are the average of at least three analyses)

After analysing the data it was found that the depolymerisation products from the
filed PTFE followed the same trend as for unfiled PTFE. The TFE concentration
generally decreased when the pressure was increased while the HFP and OFCB
concentrations increased. At ca. 80 kPa the product C,F¢ was formed in significant
amounts. The optimum conditions for high yield (> 80 %) TFE are low pressure
(< 30 kPa) and low temperature (< 700 °C).

The TFE yield for the unfilled PTFE at 805 °C and 82 kPa was low and the HFP yield
high in comparison with the other results. The reason for this is not clear, but a
possible explanation is that the quench probe might have been partially blocked,
resulting in a prolonged residence time before the gas was quenched. Bronze-filled
PTFE at 91 kPa and 869 °C showed a similar trend. Another interesting result was
the high PFIB yield from graphite-filled PTFE at 5 kPa and 600°C. This high yield
might also be the result of an increased residence time due to a blockage.

The Vibrating Reactor, with its gas residence time between that of the Drop-tube

Reactor and the Paddle Reactor produces 81 % TFE at 612 °C and 21 kPa, which
falls between the TFE yield obtained with the Drop-tube Reactor and the Paddle
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Reactor. A similar trend is true for HFP production at 805 °C and 82 kPa. This clearly
shows that the product spectrum can be manipulated by three parameters: pressure,

temperature and gas residence time. This is in line with results found in Chapter 10.

The next series of experiments were performed to detetmmine to what extent other
non-hydrogen-containing fluoropolymers like PFA, FEP and THV could be
depolymerised in the new continuous depolymerisation horizontal Vibrating Reactor.
A distinction was made between non-hydrogen-containing and hydrogen-containing
fluoropolymers because the two reacted differently in the depolymerisation system,
and the resulting hydrocarbons are contaminants in the product mixture. The oxygen
concentration present in PFA is much less than the hydrogen concentration in ETFE
and HTE and plays an insignificant role in product formation. This was experimentally

determined in previous work that will not be discussed here.

11.3.2 The production of fluorochemicals by the depolymerisation of PFA

Depolymerisation of PFA (Table 11.2) was performed at ca. 600 °C and at pressures
that ranged between 10 and 60 kPa.

Table 11.2: Results obtained during the depolymerisation of PFA
Pressure Temp TFM HFE TFE OFP HFP OFCB PFIB
(kPa (abs)) (°C) (%) (%) (%) (%) (%) (%) (%)

10 600 2.0 05 975 ND ND ND ND
40 570 ND ND 53 ND 247 223 ND
60 575 ND ND 419 ND 248 124 20.7

ND = Not Detected (The results presented are the average of at least three analyses)

A TFE yield of 97.5% was achieved at 10 kPa, but the yield dropped to 41.9% at a
pressure of 60 kPa. The HFP and OFCB yields started to increase significantly at
pressures above 10 kPa. At 60 kPa PFIB was formed in significant amounts. Bad
quenching or a blocked reactor (increased residence time) might have been the
reason. During experimentation the reactor blocked, causing the reactor pressure to

increase and the residence time to be prolonged.
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Good yields of TFE, HFP and OFCB were obtained at 600 °C, but higher
temperatures such as 700 and 800 °C could not be utilized because of the low
melting point of PFA (301 °C). Sputtering caused blockages inside the reactor.

11.3.3 The production of fluorochemicals by the depolymerisation of FEP

FEP is elementally the same as PTFE, but as shown in Table 11.1, FEP is branched
where PTFE is un-branched. The introduction of HFP in this co-polymer causes FEP
to be melt-processable. The disadvantage though is that the melting temperature is
lower (260 °C) compared to that of PTFE (330 °C). The results of the FEP

depolymerisation experiments are presented in Table 11.3.

Table 11.3: Products from the depolymerisation of FEP
Pressure Temp TFM HFE TFE OFP HFP OFCB PFIB
(kPa (abs)) (°C) (%) (%) (%) (%) (%) (%) (%)
30 830 ND ND 521 ND 378 101 ND
60 829 ND ND 302 ND 499 174 ND
100 830 ND ND 251 ND 524 179 ND
120 835 ND ND 17.3 ND 63.7 138 ND

20 780 ND ND 623 ND 322 54 ND
50 782 ND ND 465 ND 36.6 16.7 ND
80 782 ND ND 325 ND 408 266 ND

100 780 ND ND 253 ND 423 279 ND
120 780 ND ND 231 ND 439 28.0 ND

30 750 ND ND 563 ND 299 68 7.0
60 750 ND ND 339 ND 2214 93 03
90 755 ND ND 326 ND 392 263 1.0

120 750 ND ND 29.3 ND 398 30.2 0.7

ND = Not Detected (The results presented are the average of at least three analyses)
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Depolymerisation of FEP was performed successfully at 750, 780 and 800 °C and at
different pressures. Because FEP is a copolymer of TFE and HFP, it was expected
that the two main products from the depolymerisation process would be TFE and
HFP. This was indeed the case, but OFCB was also one of the major products. The
unwanted TFM, HFE, OFP and OFB were not detected.

The change in product composition with temperature and pressure is consistent with
the change that takes place when PTFE is depolymerised. At low pressures the TFE
yield peaks while the HFP and OFCB yields are at their lowest. Higher pressure
negatively influences the TFE yield, while the HFP and OFCB yields increase as the

pressure is increased.

The major difference between the products produced by the FEP in comparison with
those from PTFE depolymerisation experiments, is the relatively low TFE yield and
the relatively high HFP yield at low temperature (750 °C) and low pressure (20 kPa).
The reason for this is the difference in the monomers used to manufacture the two
polymers. In the case of PTFE only TFE was used in the polymerisation process
while TFE as well as HFP was used in the FEP polymerisation process. One would
expect HFP and TFE to form during the depolymerisation step.

Figures 11.2 to 11.4 are graphical presentations of the trends of TFE, HFP and
OFCB emanating from the depolymerisation of FEP.

A computer program called Axum 5.0B for Windows by Mathsoft, Inc. is used for the
graphical presentation of the analytical data as a function of temperature and
pressure. Axum uses the Marquardt-Levenberg nonlinear least squares algorithm to

fit the curves.
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Figure 11.2: The TFE yield from FEP depolymerisation
Similar to the trend described in Chapter 4, the formation of TFE is highly dependant

on the pressure and to a lesser extent on the temperature. The maximum TFE yield
was found to be 62.3 % at 780 °C and 20 kPa.
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Figure 11.3: The HFP yield from FEP depolymerisation

The HFP vyield showed two possible maxima. The one is at a maximum at high
pressure (120 kPa) and high temperature (835 °C). The other peak value was also
found at high temperature (835 °C), but at a medium pressure (60 to 70 kPa). The
general trend for high HFP yield is high temperature and high pressure.
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Figure 11.4: The OFCB yield from FEP depolymerisation

The OFCB yield also showed a general increasing trend towards higher pressures.
The temperature dependence seems more definite as the concentration increases

from 13.8 % at high temperature (835 °C) to 30.2 % at low temperature (750 °C),
both at 120 kPa reactor pressure.

11.3.4 The production of fluorochemicals by the depolymerisation of THV

The last sample that was evaluated during this study was THV. Similar results as in
the case of PTFE depolymerisation were obtained and similar trends were observed.
Small amounts of unidentified products also appeared that might account for the

oxygen. Results for the THV depolymerisation experiments are presented in
Table 11.4,
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Table 11.4: Results obtained during the depolymerisation of THV
Pressure Temp TFM HFE TFE OFP HFP OFCB PFIB
(kPa (abs)) (°C) (%) (%) (%) (%) (%) (%) (%)

10 700 ND 03 921 ND 64 03 09
50 700 ND 03 81.7 ND 111 567 1.1
80 700 ND 0.2 797 ND 115 78 06
10 800 ND 03 875 02 92 13 15
50 800 ND 03 746 02 161 64 22
80 800 ND 23 483 35 328 106 1.0

ND = Not Detected (The results presented are the average of at least three analyses)

No TFM was detected during the depolymerisation of THV. HFE, OFP and PFIB
were detected in low concentrations of 0.2 to 3.5 %. The TFE vyield decreased as
both the temperature and pressure increased. The highest yield of TFE was 92.1 %.
Both the HFP and OFCB yield increased as the temperature and pressure increased.
These results closely resembled those for the PTFE depolymerisation.

11.3.5 The production of fluorochemicals by the depolymerisation of ETFE and
HTE

Attempts to depolymerise ETFE and HTE were unsuccessful as severe blockages in
the reactor occurred. Similar depolymerisation conditions as with the other
fluoropolymers were used, but no results were obtained because of blockages that
were experienced. Further experimentation was not done. As described in Section
11.1, the two fluoropolymers ETFE and HTE contain hydrogen in their chemical
structure and it is speculated that the presence of hydrogen containing compounds
caused the blockages.
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11.4 CONCLUSIONS

From the results presented in this chapter, the following summarising conclusions

can be made:

PTFE

Unfilled as well as filled PTFE, which included graphite-, glass fibre- and bronze-filled
PTFE were successfully depolymerised in a Vibrating Reactor system. It was found
that the TFE yield decreased as the temperature and pressure were increased while
the HFP and OFCB yields increased as the temperature and pressure increased.
This is in line with similar results obtained in Chapter 4. Relatively low yields of the
other products (such as TFM, HFE, OFP and PFIB) were obtained.

PFA, FEP and THV

PFA was also depolymerised successfully. The TFE and HFP yields followed the
same trends as with PTFE. A possible peak in the OFCB vyield (22.3 %) was
observed at 40 kPa and 570 °C. An unexpectedly high PFIB yield occurred at 60 kPa

and 525 °C, but a possible blocked reactor might have been the cause.

The products from the FEP depolymerisation showed similar trends as in the case of
PTFE. This was expected because this fluoropolymer is the only polymer other than
PTFE that only contains perfluorinated fluorocarbons. The TFE yield decreased as
the pressure and temperature increased, and the HFP and OFCB yield increased.
Lower yields of TFE and generally higher yields of HFP and OFCB were observed.

The product generation from the polymer THV was similar to that of PTFE. The only
difference was the detection of small amount of unidentified products. No attempt
was made to analyse these products. It is speculated that these products formed due
to the hydrogen contained in the compounds.

Other fluoropolymers
The fluoropolymers ETFE and HTE blocked the reactor when the depolymerisation

conditions of PTFE were used. A different reactor design or other experimental
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conditions are therefore needed for depolymerisation of these polymers. It was not
part of the scope of this thesis. No conclusive results for the depolymerisation of
ETFE and HTE could be generated.

184




Chapter 12
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12.1 INTRODUCTION

The purpose of this chapter is to do a conceptual design of a plant that produces
HFP as main product from the depolymerisation of PTFE and to do a preliminary

assessment of the economic viability of such a plant.

The products produced in the depolymerisation process are speciality gases and
therefore the market does not demand large volumes, but is prepared to pay much
more than for other commodity products. A typical size of such a plant is in the order
of 1 000 to 5 000 tpa. In this study the assumption is made that the size of the plant
will be dictated by the amount of scrap filled and unfilled PTFE generated per year in
the world.

This conceptual design will be based on design parameters that were obtained
during experimentation that was presented in Chapter 4 (Figure 4.6, page 60),
Chapter 9 (Section 9.4, page 148) and Chapter 10 (Table 10.2, page 161). The
optimum conditions for production of HFP are presented in Table 12.1.

Table 12.1: Design parameters on which the conceptual design is based

Criteria Conditions
Product HFP (61 %)
Residence time (s) ~2
Feedstock Filled PTFE
Operating angle (°) 4
Rotation speed (rpm) 4
Operating pres. (kPa) 82
Operating temp. (°C) 800
Other products TFE (13 %), OFCB (11 %),

By-products (15 %)

System Drop-tube Reactor

The conditions reflect the maximum HFP yield with a residence time of 2 seconds.
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12.2 PROCESS DESCRIPTION

The plant will consist of the following sections:

The feed preparation section;

- The reactor section;

The separation section;
The waste destruction section.

The different sections will now be discussed.

12.2.1 The feed preparation section

The purpose of the feed preparation section, is to get rid of all cutting oil and grime
that might be present on the scrap PTFE. Although this phenomenon was not
investigated in this study, the assumption was made that real industrial PTFE waste,
which will be used as a feed stock for this plant, will be contaminated with oil and
grime. In order to prevent product gas contamination during depolymerisation, this
pre-treatment step will be a necessity on industrial scale. This pre-treatment section
will consist of a wash bay where the oil and grime will be dissolved with a suitable
organic solvent. It is envisaged to recover the spent solvent. It is also assumed that
the size and morphology of the scrap will be in the required shape and that it will
present no problems when feeding it to the reactor.

12.2.2 The kiln reactor section

The envisaged kiln depolymerisation system is presented in Figure 12.1 and the
operation thereof can be described as follows:
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Figure 12.1: Schematic presentation of the PTFE depolymerisation system for
filled PTFE

Cyclone F012 is part of the pneumatic system for transporting the filled PTFE
feedstock from a standard supply container into the receiving bin B005. The two
feeding bins (B005, B004) contain the scrap PTFE feed stock. The filled PTFE is fed
into the kiln with variable speed feeders C003 and C002. The kiln will be heated
electrically to between 600 to 800 °C and will be operated at an angle of 4 ° and
rotational speed of ca. 4 rpm. Heating will be effected in three temperature zones
(pre-heating at 400 °C, depolymerising at ca. 600 °C and final manipulation at 50 to
100 °C higher than the depolymerisation temperature), in order to generate a
temperature gradient across the retort to ensure complete depolymerisation. This
heat distribution across the kiln prevents blockages and opens the possibility to
manipulate the product mixture. The gas take-off is co-current from the centre of the
hot zone of the kiln, (preventing formation of off-specification product gas and
polymerisation, which may cause blockages in the outlet pipe Y007). In this design,
the filler material is discharged from the kiln with a screw extractor C006 into bins

B010 and B009. The solid waste is discharged into standard containers for recycling
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or disposal. The product gas exits the kiln via a dry quenching system Y007 and is
then separated from fine solids carried over by means of a cyclone or a filter FO11.

12.2.3 The separation section

The results presented in this study, showed that a mixture of product gasses will
always be formed in spite of the fact that the depolymerisation conditions can be
chosen to maximise the concentration of the wanted product, namely HFP in this
case. The function of the separation section is to separate the HFP from the product
mixture and to recycle the resultant gaseous product mixture back into the kiln
reactor. The assumption is therefore made that these other products (mainly TFE
and OFCB can also be converted to HFP under the similar conditions. This
assumption was not tested in this study but at parallel research done at Necsa, this
was proven to be the case. Therefore, for the purpose of separation of the HFP and
the other products, a two-column cryogenic distillation system is envisaged. Such a
cryogenic separation system also did not formed part of this study, but it is also
applied at Necsa. The first column will separate TFE (BP = -75 °C) from the heavier
fraction (HFP (BP = -29 °C),OFP (BP = -36 °C), OFCB (BP = -6 °C) and other C4
and C5 compounds). The second column will separate HFP from the heavier fraction,
yielding > 99.5 % HFP. The HFP will then be compressed into cylinders at a pressure
of 6.5 bar.

Figure 12.2 is a schematic presentation of a typical separation facility for the
purification of HFP. After separation of HFP, all other products will be sent back to
the reactor for conversion to HFP.
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Figure 12.2: Depolymerisation product separation facility to purify HFP

12.2.4 The gas waste destruction section

The assumption is also made that during depolymerisation other products will be
formed which are not recyclable. Although the formation of these products was not
detected during this study, the assumption is made that such products might be
present on an industrial scale plant and especially during the start-up and the shut
down of the plant. Therefore, the design of the envisaged HFP plant must make
provision for such an eventuality. It is assumed that this gas waste stream from this
process will include HF, CO, CO; and NOx compounds. Provision is therefore made
for an assumed 2 % waste stream to be destroyed by burning it with propane and air
at high temperature, producing mainly CO, CO, and possibly small amounts of NOx
type of gasses. Two scrubbers, a KOH- and NOXx scrubber, will be implemented to
scrub the outlet gas before CO and CO; are released into the atmosphere. The spent

scrubber solutions will be neutralised and disposed as a liquid waste.

12.3 CONCEPTUAL DESIGN OF THE HFP PLANT

In the conceptual design for the HFP plant the following aspects will be considered:
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- The feed material;

- The products;

- The production capacity;
- Mass balance;

- Reactor design.

12.3.1 The feed material

The plant will be designed to process filled PTFE, containing 15 wt % filler. In a
commercial process it is envisaged that after depolymerisation the filler material
might possibly be recycled back to the manufacturer of filled PTFE, but for the

purpose of this discussion it is considered to be a waste stream.

12.3.2 The products
In Table 12.2 an overview of the relevant properties is given for the compounds
produced in the depolymerisation plant. The results obtained by the Drop-tube

Reactor were used for this evaluation.

Table 12.2: Properties of fluorocarbon products

CF- Psat (kPa) F/C  Max yield (Vol%)  Market Other
compound at25°C at (T/°C, P/kPa) (tpa)
andt=2s

HFE 3344 3 77 (900, 55) No Inert
TFE 3271 2 93 (600, 5) No Explosive
OFP 883 8/3 6 (800, 56) No Inert
HFP 652 2 61 (800, 82) 3000  Asphyxiating
OFCB 256 2 27 (700, 82) 5 Asphyxiating
PFIB 313 2 2 (700, 82) No Highly toxic

Since there is no market for HFE, TFE, OFP and PFIB, these products will not be
considered for this plant. Other factors that also contribute to TFE and PFIB not
being considered, is the explosive nature of TFE and the highly toxic nature of PFIB.

The production of both these products must be minimised.
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Since the market for OFCB is very small (5 tpa), this product will also not be the
end-product, although the selling price is high, $70 to $85 per kg in 2006 (Chapter 1).

This leads to the conclusion that HFP is the fluorocarbon product that will be
produced in a PTFE depolymerisation plant, with a depolymerisation reactor
operating at 800 °C, 82 kPa and a gas residence time of 2 seconds. The product

distribution from the reactor at these conditions is given in Table 12.3 (Chapter 4).

Table 12.3: The product distribution at 800 %C, 82 kPa and with a gas

residence time of 2 seconds

Compound Mol fraction = Weight fraction

TFE 0.13 0.09
HFE 0.09 0.08
HFP 0.61 0.61
OFP 0.04 0.05
OFCB 0.11 0.15
PFIB 0.02 0.03
Total 1.00 1.00

The purity of HFP according to market specifications must be >99.5 %.

12.3.3 Determination of the production capacity

The capacity of this HFP plant was decided upon by the availability of scrap PTFE.
The world production rate of PTFE was 16 000 tpa in 2002. Assuming that 50% of
the produced PTFE is considered to be scrap PTFE in the form of shavings, cuttings,
etc., and that the HFP plant will be able to collect 50% of this amount, the annual

feed will be 4 000 tpa, or 500 kg-h™" for 8000 operating hours per year.

12.3.4 Mass balance

In order to calculate the mass balance the following assumptions were made:

1. The feed rate will be 500 kg-h™ of 15 % filled PTFE;
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. The depolymerisation efficiency is 100 %, implying that the filler is
polymer-free and the depolymerisation products are filler-free;

. The separation efficiency to generate the recycle streams is 100 %;

4. Although not tested, this reactor will be designed to depolymerise the filled

PTFE as well as to convert the recycled gas into HFP;

. In the reactor, six fluorocarbon products will be produced at the concentrations
indicated in Table 12.3;

. Because HFP is the required product, the operating conditions of the kiln were
chosen for maximum output of HFP. According to the results presented in
Chapter 4, these conditions are T = 800 °C and P = 82 kPa;

. The gas products are converted to the six fluorocarbon products as indicated
in Table 12.3;

8. The separation efficiency to produce the HFP product is 100 %;

9. Provision is made for two weight percent of all products formed in the reactor

to be diverted to the waste destruction section. This will accommodate for

start-up and shut-down product destruction;

10.The organic impurities that are removed in the feed preparation section can be

ignored in the mass balance as they do not contribute to the products.

The flow sheet with recycled streams and the mass balance is schematically

presented in Figure 12.3 and summarised in Table 12.4.

To incinerator  ¢— Solvent
recovery
PTFE 425 kg/h Feed ’
) o > L » HFP 411 kgl
Filer 75 kath preparation Reactor Separation g
500 kg/h
F l Waste !
TFE 58 kgth HFP 8.4 kg destruction
HFE 56 kgth TFE 1.2 kg/h
OFP 34 kgih HFE 1.1 kg/h
OFCB 99 kgih " OFP 0.7 kg/h
PEIB  17kgh  er 75kgh OFCB 2.0 kgih
264 kg/h PFIB  0.dkgh
13.8 kgh

Figure 12.3: The flow-sheet with recycled streams of a HFP plant
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If an amount of 500 kg of 15 % filled PTFE has to be depolymerised, this means that
425 kg-h™ PTFE will be depolymerised in the kiln. If provision has to be made for a
total of 2 % (13.8 kg-h‘1) of the depolymerisation product to be destroyed, and the
depolymerisation product mix is as mentioned in Table 12.3, the resulting HFP
production rate will be 411.2 kg-h™. The HFP will be separated from the resultant
product stream and the rest (264 kg-h™), recycled back to the reactor for conversion
to HFP. A total of 411 kg-h'1 of HFP per 500 kg-h™! filled PTFE will be produced.

Table 12.4: The mass balance of the recycle flow sheet

Compound PTFE Reactor Reactor To waste HFP Filler

feed feed product destruction product Waste

(kg-h?) (kg-h™) (kgh™)  (kg'h™)  (kg'h)  (kgrh)
PTFE 425.00 425.00 0.00 0.00 0.00 0.00
Filler 75.00 75.00 75.00 0.00 0.00 75.00
TFE 0.00 58.42 59.61 1.19 0.00 0.00
HFE 0.00 55.82 56.95 1.14 0.00 0.00
HFP 0.00 0.00 419.59 8.39 411.20 0.00
OFP 0.00 33.79 34.48 0.69 0.00 0.00
OFCB 0.00 98.87 100.89 2.02 0.00 0.00
PFIB 0.00 17.98 18.34 0.37 0.00 0.00

Total 500.00 764.88 764.88 13.80 411.20 75.00

From Table 12.4 it can be determined that the HFP yield is 96.75% of the PTFE feed
and that 3.25% of the PTFE feed ends up in the waste destruction section. For the
design of the reactor volume it is important to note that the total fluorocarbon feed
equals 690 kg-h™, consisting of 425 kg-h™' PTFE and 265 kg-h™ recycled CF gases.

12.3.5 Reactor design
The design of the depolymerisation kiln is based on two criteria:

1. The diameter of the kiln is determined by the filler entrainment limit of the gas

velocity;
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2. The volume of the reactor is determined by the gas residence time of

2 seconds.

For both criteria the density of the gas mixture at 800 °C and 82 kPa has to be
estimated. The density of each compound is calculated using the ideal gas law. This
calculation method is shown in Appendix 1 and the results are presented in

Table 12.5, giving a density of the gas mixture of 1.74 kg-m™,

Table 12.5: Density calculation of the depolymerisation gas mixture at 800 °C

Compound Flow Fraction Mw Pgas
(kg'h™)  (kg-kg”) (kg-mol”)  (kg:m"~)
TFE 59.61 0.086 0.100 1.121
HFE 56.95 0.083 0.138 1.547
HFP 419.59 0.608 0.150 1.681
OFP 34.48 0.050 0.188 2.107
OFCB 100.89 0.146 0.200 2.242
PFIB 18.34 0.027 0.200 2.242
Total 689.88 1.000 1.740

The diameter of a kiln for feed of X kg-h™ and a limiting gas velocity Vgas,iim, iN m-s” is

obtained from:
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The limiting gas velocity, in order to avoid entrainment of filler particles, is typically
equal to 1 m-s™, resulting in a kiln diameter, D, of 0.49 m in order to accommodate
the feed given in Table 12.5. The length, L in m, of a kiln, the mean gas residence

time 7, in s, and a gas limiting velocity for particle entrainment are related as follows:
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For a residence time of 2 seconds and a limiting gas velocity of 1 m-s™, this gives a

kiln length of 2 m.
124 THE TECHNO-ECONOMY OF THE PROCESS

The design of the HFP pilot plant in the section above was based on a feed rate of
500 tonnes per annum. In this techno-economic study, a full scale plant of 4000 tpa
filled PTFE facility was considered. If 15 % filler material was contained inside the
filed PTFE, 3400 tpa PTFE was left to be depolymerised. If it is accepted that the
depolymerisation efficiency is 100 % and all the PTFE is converted into HFP with a
96.75 % yield and therefore 3290 tpa HFP would be produced. This high yield is a
result of the recycle stream, where it is also assumed that the recycle stream is
converted for 100 % in the product spectrum given in Table 12.3.

The costing method is based on Necsa in-house methods developed for
fluorochemicals. Details on this costing can be seen in Appendix 5. The capital cost
for the plant is estimated to be R107.5 million. The major contributors (~75 %) to the
total capital cost are the depolymerisation reactor and the separation system. In the
reactor section the kiln, instrumentation and valves contributed R9.5 million to the
total depolymerisation system cost of R21 million. In the separation system the
cryogenics plant contributed R22 million plus R3 million for the two distillation
columns. It is envisaged that the distillation columns will contain highly flammable
and explosive TFE mixtures. Therefore the columns must be specified to be
spark-proof and flame-proof, adding significantly to the cost. Valves and

instrumentation costs are R16.7 million.

The costing of this HFP plant is summarised in Table 12.6. In the costing exercise
was included an industrial scale kiln depolymerisation system, a fluorocarbon
destruction system, a PTFE feed preparation, a separation system consisting of a
cryogenics plant and two distillation columns, a HFP product loading facility, safety

equipment and an off-gas destruction system.
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Table 12.6: Economic indicators associated with the 411 kg-h™ HFP

production plant

Cost category Units Value
Capital cost R Million  107.5
Payback capital + interest R-kg™ 8.54
Fixed cost R-kg” 6.84
Variable cost R-kg™" 37.59
Overheads R-kg™ 0.16
Total production cost R-kg" 4459
Sales price R-kg™ 55.00
Profit R-kg" 10.41

Waste reduction of 85 % Rkg’ 12.75

Necsa developed a budgeting model for speciality fluorochemicals such as HFP.
According to this model a variable cost of R37.59 per kg was calculated. Business
overheads (R0.16 per kg) and fixed costs of R6.84 per kg, add up to the total
production cost per kilogram of HFP of R44.59, A profit of R10.41 per kg HFP is
expected based on a selling price of HFP of R55 per kg. A capital payback amount of
R8.54 per kg is also calculated. An amount of R12.75 per kg presents the cost saved
by not spending $2 = R15 (exchange rate = R7.50 / 1$) per kg PTFE for landfilling.

Necsa marketing intelligence supported this selling price by estimating that the

product could be priced between R70 to R100 per kg on the open market.

A summary of the techno-economic indicators are presented in Table 12.7.

Table 12.7: Techno-economic indicators for the HFP production plant

Indicators Units Value
Net Present Value [NPV] (5 years) R Million 873
Internal Rate of Return [IRR] % 45
Payback Period Years 3.6
Gross Profit % 20
Earnings Before Interest & Tax R Millionfa 56
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A very healthy NPV of R873 million over 5 years can be achieved with an attractive
IRR of 45 %. The fact that HFP is a speciality gas and the plant size is fairly small
would prompt investors to ook for an IRR above 20 %. The payback period for this
plant is 3.6 years, which is gquite normal for such a small speciality gas plant. A

sensitivity analysis on the sales price is presented in Table 12.8:

Table 12.8: Sensitivity analysis on the sales price of HFP

Sales price (Rkg") IRR (%) NPV (R million, 5 years)

50 37 713
55 45 873
60 53 1031

A sensitivity analysis on the sales price indicated that the IRR and NPV are
sensitive to a change of even 5 %. If the sales price is varied to 5 % above and
below the aniicipated sales price, this couid cause a positive or negative
change of 8 % to the IRR, and almost R160 million on the NPV, respectively,
over 5 years. This is also indicated in the following sensitivity analysis graphs
for IRR (Figure 12.4) and NPV (Figure 12.5). The sales price seems to be the

most sensitive of the indicators.
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Figure 12.4: Sensitivity analysis for the IRR

The sales price and variable cost seems to be the most sensitive of the

indicators for the change in IRR.
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Figure 12.5: Sensitivity analysis for the NPV over a 5 year period

The sales price and return on equity (ROE) are the most sensitive for a

change in NPV,
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12.7 CONCLUSIONS

Based on the data obtained from a laboratory-scale pilot plant, a rotary kiln PTFE
depolymerisation plant was designed, which is able to depolymerise
500 kg-h™' of 15 % filled PTFE waste material that will produce 411 kg-h™ HFP on a

continuous basis.

For the design of this system the main product is HFP (96.75 % at 800 °C and 82
kPa with recycling), which is a valuable and sought-after gas. A total of 4000 tpa
PTFE will be depolymerised with a potential calculated HFP selling price of R55 per
kg with the variable cost the main cost driver. It was estimated that the capital cost of
such a system will be R107 million. The reactor and separation sections contribute to

more than 75 % of the capital cost.

This techno-economic study vyielded positive results. The following techno economic
indicators for the commercial plant are based on a conservative selling price of
R55 per kg and sales volume of 3290 tpa HFP, and shows an IRR = 45% and a NPV of
R&72 million, with a payback period of 3.6 years.
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Chapter 13

Conclusions




Since PTFE is synthesized via the polymerisation of TFE, it was logical to attempt to
destroy waste PTFE via the reverse reaction, namely depolymerisation. The main
objective of this study was to propose a method to treat and beneficiate filled and
unfilled PTFE waste by producing a high value, sought-after product namely HFP. In
order to optimise the HFP concentration and to understand the chemistry, a
mechanism for the formation of depolymerisation products, based on PTFE
depolymerisation experiments, was proposed. This mechanism was scrutinised and
refined by means of scientific reasoning using thermodynamic and kinetically based

arguments.

Finally an industrial scale system was proposed and designed based on a cost

analysis and a preliminary techno economic study.

With this in mind a detailed study was carried out on laboratory scale. To enable this
study, several laboratory systems were designed and built and appropriate
experiments carried out. These systems included the following:

e Laboratory scale Rotating-kiln Reactor

¢ Drop-tube Reactor for depolymerisation of unfilled PTFE on a continuous
basis;

e Paddle Reactor for the depolymerisation of filled and unfiled PTFE on a
continuous basis;

¢ Vibrating Reactor for the evaluation of different fluoropolymers.

The depolymerisation of PTFE was thoroughly evaluated with these systems. In
order to validate a proposed depolymerisation and product formation mechanism
based on experimental data, appropriate analytical techniques had to be employed.
These included the following:

e GC and GC/MS for analysis and verification of the depolymerisation product;

e SEM for analysis of the morphology of the filler material;

¢ EDX for the chemical analysis of the filler material;
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e TGA for the analysis of the kinetic parameters (depolymerisation reaction
constant, k, and the order, n, of the depolymerisation reaction) of the

depolymerisation process.

Data obtained by the above techniques was then systematically analysed to test the

viability of the proposed mechanism. These techniques included:

e A thermodynamic study using a computer program called HSC5.1;

¢ A kinetic study using the Arrhenius equation;

¢ A molecular modelling study using a computer program called Spartan '04
V1.0.3.

The most important findings from the study can be summarised as follows:

e From the literature study (Chapter 1) it was concluded that there is a need for
the development of a continuous depolymerisation system for filled and
unfilled PTFE, in order to solve the costly disposal problem manufacturers
experience currently. The literature study and market research also identified
several opportunities and areas in which further research and development is
needed. These are:

o The current depolymerisation processes are sub-optimal and more
research is required to determine the optimal window of parameters by
which PTFE can be depolymerised;

o The output in terms of the production of valuable downstream fluoro-
chemical products and the consequent recovery of expensive fluorine
values, has to be maximised;

o The conversion of the by-products TFE and OFCB into HFP needs to
be optimised in order to retain the fluorine values.

It was found that unfilled PTFE could be depolymerised on a continuous basis in a

Drop-tube Reactor (Chapter 4), producing high yields of TFE, HFP and OFCB and

low yields of perfluorinated, unwanted compounds. For HFP the optimal window of
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operation was determined to be 61 % at 800 °C and 82 kPa. and for TFE it was 94 %

at 600 °C and 5 kPa. The following conclusions were also made:

e The complete mechanism, comprising two mechanistic routes, one dominating
at lower- (< 700 °C) and the second one at higher (> 700 °C) temperatures
was proposed (Chapter 5), based on the depolymerisation data obtained with
the Drop-tube Reactor;

e After a thermodynamic study (Chapter 6) it was concluded that the
depolymerisation process in the Drop-tube Reactor was not
thermodynamically driven, but rather dominated by kinetic effects. The reason
for this is because the product spectrum obtained experimentally was not in
accordance with the equilibrium product spectrum predicted by the HSC5.1
program;

e Along with the thermodynamic results, molecular modelling was used to
evaluate the depolymerisation species and a series of reaction equations for
the formation of the depolymerisation products, TFE, HFE, OFP, HFP and
OFCB (Chapter 7). With formation energies calculated for the intermediate
radicals, the transition state species and the final products, energy diagrams
could be drawn for a series of reactions involving the different final products,
HFE, TFE, OFP, HFP and OFCB. Evaluation of these energy diagrams aided
in proposing a two part mechanism for the product formation after
depolymerisation of PTFE;

e A thermogravimetric study (Chapter 8) was performed in order to calculate the
following kinetic parameters: rate (k), order (n) and activation energy (Eact) of
the depolymerisation reaction of PTFE. The activation energy for the
depolymerisation process was determined (260 kJ-mol™') along with the rate
(k=4.03x 102 s at 600 °C and ko= 1.78x10" s™") and the order (n = 0.54) of
the depolymerisation reaction;

e After characterisation of the PTFE feed material (Chapter 9), before and
during depolymerisation, it was concluded that the TGA analytical method can
be used to distinguish between PTFE and different fluoropolymers;
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It was also determined using a SEM that the morphology of the different filler
materials differs. it was found that this however has no significant effect on the
flowability of the filled PTFE through the reactor (Chapter 9);

The residence time for the different filled PTFE samples (glass fibre-, graphite-
and bronze-filed PTFE) did not differ significantly from one another for a
specific reactor angle and paddle rotation speed. The residence time of the
solid PTFE inside the Paddle Reactor became sensitive for change at reactor
angles > 4° and paddle rotation speed of ~4 rpom (Chapter 9);

Visual observation of the depolymerisation process inside a laboratory
Rotating-kiln Reactor and under a SEM proved that PTFE does go through a
viscose liquid phase before depolymerisation starts to take place, but does not
stick to the sides of a kiln metal reactor during this process (Chapter 9);

It was demonstrated that both unfilled and filled PTFE could be depolymerised
on a continuous basis at efficiencies of up to 90 % inside a Paddle Reactor
system (Chapter 10). The residence time for this reactor was longer than for
the Drop-tube Reactor, producing a different product ratio, with regard to TFM,
HFE, TFE, OFP, HFP, OFCB and PFIB;

The filler material (e.g. glass fibre, bronze and graphite) could be quantitatively
separated from the depolymerisation product gas;

Valuable fluorocarbon gases (TFE, HFP and OFCB) could be quantitatively
recovered during the depolymerisation process;

The laboratory reactor design that proved to be the most successful was that
of a Paddle Reactor system. This system did not block during continuous
operation with unfilled PTFE. The reactor also successfully separated the filler
material from the depolymerised product on a continuous basis;

A Vibrating Reactor system was designed and built for the evaluation of the
product gas composition of other fluoropolymers, for example: FEP, PFA,
THV, ETFE and HTE (Chapter 11). Good results were obtained for FEP, PFA
and THV, but ETFE and HTE blocked the reactor before any analyses could
be done;

The product spectra obtained from three different reactors confirmed that the
depolymerisation process is kinetically controlled and can be manipulated by
the temperature, the pressure and the gas residence time;
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e A commercial scale reactor (~500 kg-h™ (4 000 tpa) for either unfilled or filled
PTFE) was designed, based on the successful laboratory Paddle Reactor
concept (Chapter 12);

e A preliminary techno-economic study based on a commercial-scale rotary kiln
concept was conducted, and very promising results were obtained (Chapter
12):

o AnIRR of 45 % was calculated;
o The NPV was caiculated at MR873;
o A payback period of only 3.6 years was predicted.

These techno-economic figures, coupled to the fact that rotary kiln systems of similar
capacity have been in use globally for decades, lead to the conclusion that an
industrial scale depolymerisation rotary kiln system would be very successful for the
safe and economic solution of a decades-long PTFE waste disposal problem. The
recovery of the valuable fluorocarbon products contributed largely to the success of

this project.
Fields for further study:

Following from the results in this thesis, several opportunities are identified for further

study. These are briefly discussed below:

1. Optimisation of the yields for different products like HFE, OFP, HFP and
OFCB at higher pressures by means of the depolymerisation of PTFE;

2. Production of fluorocarbons from the depolymerisation of all other
fluoropolymers;

3. A complete kinetic study of the formation of all the depolymerisation products;

4. Optimisation of the current Paddle Reactor and a reactor design with shorter
residence times;

5. Depolymerisation inside a rotary kiln according to the design specifications in
Chapter 12;

6. Evaluation of other separation techniques;

7. The influence of residence time on the depolymerisation products.
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Appendix 1

General Calculations

. Residence time calculations

1.1.Gas residence time for the Drop-tube Reactor

1.2.Gas residence time for the Paddle Reactor

2. Kinetic calculations

3. Density calculations




1. Residence time calculations

P := 90-k-Pa

T:=873K

R:= 8.314(-L
kg K

Molar mass:

C3F6 pf, = 150

¢ C4F8 . i= 200

Average Molar mass for equal amount mixture:
Mr, e = 0.33 TFEy, + 0.33C3F6y, + 0.33c_C4F8,

Mr,, . = 148.5

Gas density

P-Mrave
p=

RT

p= 1.841g
3

m

1.1 Gas residence time for the DROP TUBE reactor

Input

d = 65mm

reactor

L

reactor = 200mm

kg
= 1.841—=
P 3

m

kg
=2—
Qﬂow hr

D>

4

=

Vol:= n
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At 100% volume the residence time is:

—4 3
V01100%: 6.637x 10 m
Vol g0
1= 00—
(Qﬂow ]
p
1 =2.199s

Gas residence time for the PADDLE reactor

Input

kg
=1—
Qﬂow h.r

1m

Il

w)
W

100mm

2
D™-L
Vol:=1-——
4

Vol=7.854x 10 > m

At 25% volume the residence time is:
V0125% = Vol-0.25

Vobgos = 1.963x 107 >
1= —m—
[Qﬂow ]
p
1 =13.016s

At 50% volume the residence time is:
VOISO% = V0105

Volsgo, = 3.927x 10° >

VO]SO%
1=

215




T =26.0325s

At 75% volume the residence time is:
VOI 75% = VOI 075

Vobsy, = 5.89% 10
B V0175%
[Qﬂow ]
p
T =39.048 5

At 100% volume the residence time is:

VO]lOO% :=Voll

Voljggo, = 7854 10 >’

Vol 140

m

T = 52.064 s
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2. Kinetic calculations

Rate equation of a chemical reaction:

dm
~——=k-m"
dt

Separation of variables:

_ggzk.dt
m

Logarithm of 1 for determination of k and n:

dt

- In[@j =nIn(x)+ In(k)

y=mx+c¢

Integration for simulation of experimental data by using calculated n and k

values:
m t
| d':‘ =k-[dt
mp m 0
or:
m t
| am_ . [t >
mp m 0
gives
[;1 m“‘} = —kt
1-n m,
Rewritten:

mm“"dm =-k.|dt
[ [

mp 0
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Activation energy by means of Arrhenius equation:

‘Eac(
k=ke 7K

Taking logarithms on either side of the Arrhenius equation:

E
Ink [ act *
(k) R
y=mx+c

1
?+In(k0)
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3. Density calculations
The density of a gas is calculated according to the ideal gas law:

P-MW,
RT

Pi =
The density of the gas mixture is calculated as a summation by weight fractions,
Wi.

pgas,mix = Z Wipi
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1.

Appendix 2

Computer Program Methodology

HSC 5.1
Spartan '04 v1.0.3




1. HSC 51

Start HSC 5.1 by double clicking on its icon. A window similar to Figure 1 will appear.
Here one can select what thermodynamic data must be calculated. In this study the
reaction equations and equilibrium composition functions were used. Many other
functions are available, like the calculation of the H, S, Cp and G diagrams, the

addition of species to the data base, etc.

- BISC Ches

;" .";iopynghl [C) Outokumpu Research Oy, Pori, Finland, A_ Flome A%,
7‘hcemee Jaco vd Walt, Necsa, SN: 50758 . 5%

Reaction Equations 1
= Heat and Material Balances ) ) L
2y Heat Loss
5 e Equilibrium Compositions SR

Electrochemical Cell Equlllhnums

Formula Welghts

e ———

Eh - pH Diagrams

e

I'I ST and G Diagrams

Tpp - Diagrams Lpp - Diagrams
Mineralogy Iterations Conversions
Elements Water Units

DATABASE (H = Enthalpy. S = Entropy and C = Heat Capacity)

Database 1: C:\hschhdatabasesiowndbS hsc
Database 2: C:\hsch\databasesimaindbh hsc

Exit Settings (Printer) License Help

Figure 1

Reaction Equations

When the RESGHOMIEGUAtIONS button is pressed, the following window appears
(Figure 2). Here the chemical reaction equation is typed into the blank window

according to the HSC data base convention. One can search for a specie by using
c PEEPIDAIEPESE button. The equation must be balanced and the temperature
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information amended. After choosing the correct units, the Galculate button can be

pressed and the thermodynamic data will be presented.

% Reaction Equations

Reaction Equation or Chemical Formula:
From To Step
Temperature: 0.000 |  1000.000 |  100.000 C
Temperature Units: Energy Units: Format of Resuits: ™ Collect to Sheet
+ Celsius & Calories < MNommal || ¥ Show Transitions
" Kelvins " Joules ¢ Delta [¥ Criss-Cobble
L
Help File Open H5C 2 File Balance Equation J Peep Database
E xit File Open ... 1 Calculate

Figure 2
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Presented here is the thermodynamic data as calculated for the TFE formation
reaction from two difluorocarbene radicals (Figure 3). From the data the temperature,

AH, AS, AG and K values are presented.

[% Results E]@E]

Fite Edit Format Help
T Cp H S ‘ G Reference | &
1 2CF2(g)= C2F4(g) | [
2 T deltaH deltaS deltaG K Log(K)
3 C keal cal/K keal
4 0.000 -70.414 -43.455 -58.544 7 DO7E+D46 45346
5 100.000 -70.328 -43.195 -54210 5661EHI51 31753
6 200.000 -70.180 -42 844 -49.908 1.134E+023 23.054
7 300.000 -62.994 -42.439 -45 841 2 541EH17 17.405
8 400.600 -69.780 42,147 -41 409 2.789E+01% 13.445
9 500.000 -69.541 -41 813 37211 3.303EH010 16.520
10 600.000 -69.275 -41.493 33046 1 871EH)08 8272
11 700.000 68 989 -41.182 -28.912 3 117EHIE 6.494
12 200.000 -68.688 -40.288 -24.309 [.129E+105 5053
13 900.000 68377 40611 -20.734 7 2D4E+HI03 3.863
14 1000.000 -68.055 -40.348 -16 686 7.322EH002 2365
15
16 Formula FM Cone. Amount Amount Yoluwte
17 g/mol wi-% mol g lorml
18 CF(g 50008 100.000 2.000 100.014 44837 1
19 g/mol wt-% mol g lorml
20 CF4@ 100,314 100,000 1.000 100016 224141
21 X
E xit Help Print Clear Copy All Copy Save |
Figure 3
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Equilibrium calculations
Equilibrium calculations of a mixture of species can be done by the foilowing

procedure:

Choose the EGUIlIBHURICAIGUIEHONS button from the first window (Figure 1) and the

following window will appear (Figure 4). Click on the ClSateINEW button.

655 Equilibrium Calculations

Equilibrium Composition, Main Menu

_..Create | new Input File (give Elements)
Create new Input File (give Species)
Edit old Input File

Calculate | Equilibrium Composition

Draw Picture from Results
Print Input File

Print | Results File

Help

Exit

Figure 4
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When the window in Figure 5 appears a selection of the elements must be made.
These must include all the elements involved in the reactions. In this case C and F

will be chosen.

fi Flements of the System

1A Please select Elements: : 8A
H le )| 3JA 4A 5A BA 7A He
Li Be B C N 0 F Ne

Ma Mo 33 48 5B 6B 7B 8B 8B 8B 1B 2B M|5i Bl s el

K Ca Se¢ Ti ¥V € Mn Fe Co MNi Cu Zn Ga Ge| As Se Br K

Rb S+ ¥ Zr Nb Mo Tc Ru Bh Pd Ag Cd In Sn sulTe I Xe

Cs Ba La HF Ta W Re Os It Pt Au Hg TI Pb Bi Po| At Bn

Fr Ra Ac
Ce Pi Nd Pm Sm Eu Gd Tb Dy He Er Tm Yb Lu]

Th Pa U HNp Pu Am Cm Bk Cf Eg Fm 101

Search Mode:

v Gases v Condensed [~ Agqueous ions [~ Organic [> 2 C). Carbon Limits:
[~ Gas lons [ Liguids [~ Agueous neulral ]

Exit Help M aximum number 4000 0K

Figure 5§
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When the @K button is selected the following window appears (Figure 6). Here all the

species with the particular chosen atoms were selected from the database and

displayed. Now a selection can be made on the species involved in the equilibrium

composition. After the unwanted species were deleted, the GORiNlUg button can be

pressed.

837 Species of the System

|l Keep Cul Key down and select Species with Mouse

Cla)
C2(a)
C3(g)
C4(g)
£5{a)
C60(g)
C2CF(g)
CFlg]
CF2{g)
CF3(n)
CF4(g}
C2F(a)
C2F2(qg)
C2F3(g)
C2F4{g)
C2F5(a)
C2F6ig)
C3Fblg])
C3F7{HFPg)
C3F6(a)

C3F8{o)
CAFB(0OFBaqg)
CAF8(0FCqg)
CAFI10(DFBg)
C6FG(g)
C7F8[PFTFMBQg)
F(a)

F2(a)

B

CiA)
CiD)
Ce0

C12r10

lkeep Ctrl Key down and select with Mouse

Species 4000 max

r 33

Delete Selected
Delete Unselected

Select Class 1

Peep Database

Print Species

Help I

v Add N2(g)

Sort Species To:
{* Phases

~ Gas, Aqua, Pure
with sorting

~ Gas. Aqua, Pure
with no sorting

Return

Figure 6
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Now the species will be ordered into a spreadsheet according to alphabetic order and
the molecules and elements separated (Figure 7). One or more species must be
selected as starting species. These species must contain all the elements. Their

molar ratio to one another must be filied in, into the Amount kmol column.

% Equilibrium Calculations

File Edt View Insert Delete Format Units Calculate 'Help
C16 I
SPECIES Temper.  Amount Amount Step Step Activity a
Formula C kmol % kel % Coeff.
1 [BREEs e e e
2 O 25,000 1.000
3 Cig 25.000 1.000
4 Cig 25000 1,000
5 C4 25000 1.000
6 T3 25000 1.600
7 ICE0(E) 25000 1.000
8 CICF(® 25.000 1.000
9 CF@ 25000 1,000
10 CFi(g 25.000 1.000
11 CF3(g 25000 1.000
12 CF4(g) 25.000 1.000
12 CZF(g 25000 1.000
14 C2FZ(g) 25,000 1.000
15 CIF3g 25000 1.000
16 C2F4(g 25.000' 1 .EIIJ[].I 100,000 1.000
17 'C2F5(g) 25.000 1.000
18 C2Fé(R 25.000 1.000
19 C3F6(2) 25000 1.000
20 'CBF?(HFP@{] 25000 1.000
21  C3Fé(a 25,000 1.000
22 C3FR(® 25000 1.000
23 C4F%(OFBg) 25000 1.000
24 C4F3(OFCg 25000 1.000
25 C4F10(DFBg) 25,000 1000
26 CéFa(g) 25000 1.000
27 CIF(FFTFMBg) 25.000 1.000
28 F(g 25000 1.000
29 Fig 25000 1.000
30 FLUORIDES,etc. . o e i i L
31 CIZFI0 25.000 1.000
33 C 25.000 1.000
34 Cla) 25000 1.000
35 CI) 25000 1.000
36 Ce0 25.000 1.000
«| »]\ Species A Options / l«] | »
Exit Ins Phase  DelPhase  InsRow  DelRow Open | J Save | Gibbs
Figure 7
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By selecting the [DPHOAS tab at the bottom of the window, the following window will
appear (Figure 8). Here the temperature or pressure can be varied in a
predetermined amount of steps. For our purpose the temperature will be varied from

25 to 1000 °C and the pressure be kept constant at 1 bar. A tick mark must be made

in the box next to [CIeaSeITemMperature.

B)X)

File Edit View Insert Delete Format Units Calculate Help

E5 |21

Header:

Equilibrium Calculation Mode:

¥ inciease Amount Number of Steps: I
Hin M

[ Increase Temperatws Temperature Range: li 25.000 f 25.000 J (¥
Min M ax

T Increase Pressue E quilibriurn Pressure ! 1.000 J 1.000 | bar

Other Options:

™ Pure Substances in the Last Phase {Invariant Phases)

¥  Mixing Entropy Corversion for Aqueous Species

¥  (Criss-Cobble File Format; Gibbs :_I

<! » [\ Species A Options / |

Exit  InsPhase DelPhase InsRow DelRow Open Save Gibbs

Figure 8
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After SBNIRG and pressing the BIBBE button, the following window appears (Figure 9).
Press the BaIGUIAEE button for the program to run the Gibbs energy minimisation

algorithm and then the [DfaIDIagraN| button to display the window shown in Figure
10

Calculation of Equilibrium Composition v. 5.1

Copyright Outokumpu Research Oy, Pori. Finland, 1974 - 2002
Talonen T, Eskelinen J, Syvajaivi T and Roine A

Press Calculate Bution |

Calculating 0 equilibrium composition of I 1

Input and output Files:
[g' """" File Upen | [C:\HSC5\Gibbs\GibbsIn.igi

[ﬁHSCS\GEbbs\Gibbsln.UGI

[~ Use previous results as initial guess
[~ Fast calculations v Dampen activily

Advanced J

E xit } Help Calculate Draw DiagramJ

Figure 9
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file://{C:/HSC5/Gibbs/Gibbsln.OGI

In order to draw the diagram one must firstly choose the X-axis. In this case it is the
temperature. After pressing @K one usually selects the whole series of species

available and press K again to proceed to the next window.

i Species of the System

Select one Species for X - axis Species: 33 Help

->' T emperature 2 C12F10
1 Cfag) 3cC
1 C2lo) 3 ClA)

1 C3(g) 3 CiD)
1 C4(q) 3 C60
1 C5(g)

1 C60[g)

1 C2CFfg)

1 CF(g)

1 CF2(g)

1 CF3{g)

1 CF4(g)

1 C2F(g)

1 C2F2{g)

1 C2F3(q)

1 C2F4(qg)

1 C2F5{g)

1 C2F6[g)

1 C3F5(g)

1 C3F7(HfPg)

1 C3F6ig)

1 C3F8[q]

1 C4F8{0FBg)

1 CAFB[DFCg)

1 C4F10{DFBg)

1 CBFB[g)

1 C7F8{PFTFMBg)
1 Flg)

1 F2(q)

Exit | FileOpen [ C:\HSC5\Gibbs\Gibbsin 0GI ok

Figure 10

230



In the window presented in Figure 11, one can manipulate the x- and the y-axis and
the units. To finally draw the diagram the Disigiam button must be pressed.

) Equilibrium Picture

Select Data Type for X- and Y-axis

X-Axis (Horizontal Axis)
v Temperature
7 Equilibrium Amount
" Equifibrium Composition
" Achivity Coefficient
" Activity

Y-Axis (Yertical Axis)
" Input Amount

0!

E quilibrium Amount
" Equilibrium Composition

" Activity Coefficient
" Activity
" Reaction Enthalpy

Sorting Drder of Species Temperature Amount
¢+ Largest Amount First @« C ¢ kmol
" Onginal K T kg
Number of Species in Diagram: l 33
Species Help | Table | Diagram

Figure 11
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This diagram (Figure 12} can be [B8pigd into a Word document or BHifited. The axis
of the diagram can be altered by selecting 8@t from the task bar and selecting the

axis to be changed. in this case the Y-axis was change to view the logarithm of the
concentration values.

e Equilibrium Picture

File Edit Insert Delete Format Show Help

Log(lkumol) File: C:\HSCS\Gibhs\Gibbsh.OGI
1] .
S Dl % [
l C2CF(g) |
l =

A -"fc g} N

)

Tenperature
1000 c

Font Diaw | Save Vec. | Save Ras. Copy Print Col | Print BW

Figure 12
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2. Spartan '04 v 1.0.3

When a calculation of a model is to be performed the following procedure can be

followed:

After activation of the program the following window will be displayed (Figure 13).

32 [P & AL Copynight ® 1991-2005, Wavsfunction Inc.

Ready, -

Figure 13

Now a new file can be started by clicking on the page icon in the top left corner.
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A window, presented in Figure 14, will appear with the drawing pallet and the drawing

toolbar active.

S Spartan "04 - Spartan:M001 =l
Fio EX Motel Geometry Suld Smp Dipiey Seach Optirs. Hob

DSBS B VI+:1%% ¢ LN S @b 3§ plat]

gmmﬂ
o vl
D H1% )
RS o
s ]

!l

Guosgs| [Abare
Pirga | [Bercme 2|
Custen [ychoactatons = | ¥)

Cliphosrd

Figure 14
By using the pallet on the right hand side a molecuie can be constructed. This

molecule can be rotated, enlarged and modified by using a combination of the SHiff,
Bl or Bl keys along with the left and right mouse buttons.
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After the molecule construction is finished, the calculation can be initiated by

selecting the BEllip and CAIGHIANIONS options. A calculations window will appear as
indicated in Figure 15

D@ VI[F::°%% ¢ DLW 21 dfate <3 07

3| e o
| [0 |-
3C- 0N Ms- Br

35I| 3N- =5 |-

casiee [t ey =)

W SemEnprca v| [P

3 s {skore =
— s | [bercers ]

oY l Total Charge: [Neutidl 3 Custom [ cpciooctaion v b
N Clipboard

T
! wakplcry [Srget

Firs. | (% Gibtsis L Engies ¥ Themmchramcs @ Vieational Modes i Alamc Chaige:

o | G

. start (S pelwrmcns.. [ D hcpendeti. Chacpmovii. [Caeedcz. o) dpehid.. | 5] Agpesdcia Bl 7M. | S st 04

Figure 15

Different calculation methods are supported. In this study the EGUiliBTURIGCEometty
in the [BFOUAG state with SEmicempitieal, PM8 was chosen. For this molecule the total
charge is fEUl8] and the FUIPIGIE is singlet. For a radical the multiplicity could be
changed to doubiet or triplet depending on the amount of free electrons in the radical.
To calculate different thermodynamic properties, the appropriate other BHECKIDOXES
must be checked. After all the options were finalised, the SlBRIt button must be

pressed.

235



The following window (Figure 16) will appear to indicate that the calculation was
started.

DS VI:i%0% ¢ DN + [ b fabal -3 0o

]

A Scart AR spartan s started \

Wy, .. al £l

Figure 16

After clicking the - button the calculation will proceed until completion.
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When the calculation is finished, the following window (Figure 17) is displayed.

Ceed v DL L |Zaa | 2l~it]
: v et

= W e g R
Select an cdiect L s}

Figure 17

When this PR button is clicked the calculated data can be viewed.



Various windows can be activated to view the calculated data. This is presented in

Figure 18.

S Sparian “04 - HFP:M001

Fie Edt Modol Goomeny Suld Schw [wplyy Search Cotixs Hep.

D E [V +0i%.% & DL & @ bhe = ] il B~

Tee W1
Eovey: 275000 bealind Tol Crge. (Nelis
Enmg/HOMO] 11 5264 Mulglcty [Sogec =2}
M T ‘aht, 15021 FL Grouer C1
™ Dok 1,09 detyer Avon 171K Volume: SLETA

et et ]

ikcal/mal)

~275.380 kcal/mel

| Heat of Formation:

Estimating Force Constant matrix by central-differences
Calculating Hessian

Energy Due to Solvation

Solvation Energy SMS.4/F 4.487
Hemovy Used: 776.00 Kb

Reasorn for sxit: Succeasful completion
gemi-Empirical Program CPU Time : C00:00:01.1
Semi-Empirical Program Wall Time: 000:00:0L1.3

Spartan '04 Properties Frogram: (PC/x88) Releass 123
Use of molecular symmetry dizablad
Molecular charge: a
gpin mulviplicity: 1
Elactrons: 54
Caztegian Coordinates (Angstroms)
Atom X i 2 z

1¢ ¢l 0.41393758 D. 0219915 1.0802586 »
L el | F
Select w Object. - £l

Figure 18

By selecting the BiSpIEY cption the molecule Properties, Sliffaces, Spreadshest and

OUIplE windows can be activated. Different options can be selected in order to

display, for example, the charge on the surface of the molecule.
Transition states, radicals, IR spectra, animation of different frequencies, energy

changes with increasing inter-atomic distances, and many more can be done. A well

structured JHBIB option is available in the top right corner of the screen.
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Appendix 3

Evaluation of the Depolymerisation Product Formation
Reactions




AG (k)

CyFye + 2Fe = CyF,
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Figure 1: Change in Gibbs free energy vs Temperature for reaction 6.1
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CFEys + CFps = CyFy
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Figure 2: Change in Gibbs free energy vs Temperature for reaction 6.2




AG (k)

CyF4 +2Fe = CyF¢
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Figure 3: Change in Gibbs free energy vs Temperature for reaction 6.3

AG (kI

(31:2 +'(:I:2 + 2Fe = (:2136
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Figure 4: Change in Gibbs free energy vs Temperature for reaction 6.4
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C,Fe + 4F+ = C,F¢

AG (k)
U T
200 400 600 800 1000 100

-200
-400
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-800
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-1200 l

-1400
) ’/e/e/e/e

-1600
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Temperature (°C)

Figure 5: Change in Gibbs free energy vs Temperature for reaction 6.5

C,yF4 + CFy» = C5F4
AG (kJ)
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-100
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-200 W
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-250
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Figure 6: Change in Gibbs free energy vs Temperature for reaction 6.6




AG (kI)

3 CFz' = C3F6
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Figure 7: Change in Gibbs free energy vs Temperature for reaction 6.7
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Figure 8: Change in Gibbs free energy vs Temperature for reaction 6.8
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2CzF2' + 4Fe = C-C4Fg
AG (k)

& 200 400 600 800 1000 1%00
-200 1
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Figure 9: Change in Gibbs free energy vs Temperature for reaction 6.9

CzF4 + C2F4 = C-C4F8
AG (k)
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. ] | | /
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Figure 10: Change in Gibbs free energy vs Temperature for reaction 6.10
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CsFg + CFpe = c-C4F
AG () 3t 2* = ¢4l
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Figure 11: Change in Gibbs free energy vs Temperature for reaction 6.11

4CF,e = c-C4F3
AG (kT)
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Figure 12: Change in Gibbs free energy vs Temperature for reaction 6.12
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kJ/mol Delta G (Ellingham)

1000
Cig)
500 |C2F®
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Fg)_____C2CF(g) _C N C(A) -
L - ) C2F3(g)
C2F2(g) CF3(g) |
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File:

Figure 13: Ellingham plot of the depolymerisation products of PTFE
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Appendix 5

Estimated Piloting Costs



HEXAFLUOROPROPENE PILOT PLANT

|

| Total
Cost Estimate

UNIT OPERATION 1 : High Temperature Convertor

1.1 | Wash bay B R 342,000
1.2 | Filler containment 1 R 420,000
1.3 | Fluoropolymer feeder R 700,000
[ 1.4 | Off gas quenching system R 600,000
1.5 | Cooling water supply . R 160,000
1.6  Kiln - | R 3,570,000
1.7 | Other equipment : ) R 1,000,000
Subtotal Main Equipment (ME) R 6,792,000
1.16 | Home Office 41% | of ME R 2,750,760
1.16.1 | Eng Design 20% | of ME R 1,358,400 |
1.16.2 | Risk Management 3% | of ME | R 203,760
'1.16.3 | Project Management 10% | of ME | R 679,200
1.16.4 | Documentation ) 25% ofME | R169,800 |
1.16.5 | Process Commissioning 5.0% | of ME ' R 339,600
1.17 | Valves _ 65% | of ME R 4,414,800
1.18 | Instrumentation | 75% | of ME R 5,094,000
| 1.19 | Installation Cost | 25% | of ME R 1,698,000
| o - R 20,749,560
1 \
| UNIT OPERATIONS 2 : MeCH Reactor | -
2.1 | Methanol Feed tank | } ) R 525,000
Subtotal Main Equipment (ME) o | R 525,000
| 2.5 | Home Office . 41% |  R212625
251 | Eng Design | 20% | of ME R 105,000
2482 Risk Management 3% | of ME R 15,750 I
2.5.3 Project Management 10% | of ME R 52,500
2.5.4 Documentation 25% |of ME | R13,125 i
2.5.5 | Process Commissioning 5.0% | of ME R 26,250 ]
| 2.6 | Valves 65% | . R 341,250
2.7 | Instrumentation 300 R 1,575,000
%
| 2.8  Installation Cost - 25% R 131,250
| R 2,785,125

256



UNIT OPERATIONS 3 : GAS SEPARATION
SYSTEM

3.1
32
33

3.6
3.6.1
3.6.2
363
364
365

3.7

3.8

3.9

UNIT OPERATIONS 4 : HFP PRODUCT

Cryogenics and compressor

Column 1
Column 2

Subtotal Main Equipment (ME)

Home Office
Eng Design

Risk Management
Project Management
Documentation

Process Commissioning

Valves
Instrumentation
Installation Cost

HANDLING

4.1

48
481
482
483
484
485

4.9

4.10
4.11

HFP product loading bay and

store

Subtotal Main Equipment (ME)

Home Office
Eng Design

Risk Management
Project Management
Documentation

Process Commissioning

Valves
Instrurnentation
Installation Cost

43%
20%
5%
10%
3%
5%
24%
43%
25%

41%
20%
3%
10%
3%
5%
80%
270%
25%

of ME
of ME
of ME
of ME
of ME

of ME
of ME
of ME
of ME
of ME

R 22,000,000
R 1,500,000
R 1,500,000
R 25,060,000
R 10,750,000
R 5,000,000
R 1,250,000
R 2,500,000
R 750,000
R 1,250,000
R 6,000,000
R 10,750,000
R 6,250,000

R 58,750,000

R 750,000
R 750,000
R 303,750
R 150,000
R 22,500
R 75,000
R 18,750
R 37,500
R 600,000
R 2,025,000
R 187,500

R 3,866,250
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UNIT OPERATIONS 5 : OFF GAS DESTRUCTION

5.1 | Gas destruction system ) R 2,000,000

| 5.2 | KOH scrubber | B R 450,000

5.3 | Nox scrubber o I R 300,000
Subtotal Main Equipment (ME) R 2,750,000

5.8 | Home Office 41% _ R 1,113,750
5.6.1 | Eng Design | 20% | of ME R 550,000
6.6.2 | Risk Management 3% | of ME R 82,500
5.6.3 | Project Management | 10% | of ME R 275,000

'5.6.4 | Documentation 3% | of ME R 68,750
56.5 | Process Commissioning 5% | of ME R 137,500

5.7  Valves - 65% R 1,787,500
5.8 | Instrumentation 90% R 2,475,000
5.9  Installation Cost 25% R 687,500

- . | R 8,813,750
OTHER COSTS o |

|

6 Safety equipment R 3,500,000

7 | Flow meters R 1,000,000

8 Control system R 3,000,000 |

9 | Ventilation - installed | R 4,000,000
10 | Spares ) ' R 1,000,000
Subtotal others B I R 12,500,000
\
TOTAL PILOT FACILITY COST | R 107,464,685
% involved Total )
OPERATORING PERSONNEL i \

| Senior Process Controller B 100% ~ R273,420
Junior Process Controller 100% | R 219,695 |

| Senior Process Engineer - Chemical 50% R 291,699
Process Engineer - Chemical 100% R 654,783
Senior Scientist 50% R 291,699
Senior Chemical Technologist | 100% R 674,472
Chemical Techician X1 . 100% R 510,755

| Chemical Techician X2 100% R 461,851
Process Engineering - Mechanical 50% R 280,031
(Support) , :

' Senior Artisans (Maintenance Support ) 25% R 131,033
Electrical Artisan (Support) 15% ~ R50,168
[nstrumentation Technician (Support) | 25% B R 141,383
Analytical Technician (Support) | 30% R 135,728
TOTAL OPERATING PERSONNEL ‘ R 4,116,716
VARIABLE COST
Raw materials and reagents R 170,000

| Effluents - B R 270,000
External contractors R 250,000
Packaging o o R 1,000,000
Utilities R 270,000
TOTAL VARIABLE COST R 1,960,000
TOTAL PROJECT COST R 113,541,401
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