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ABSTRACT

The pitch-like carbonaceous material obtained from the CANMET
hydrocracking process as vacuum distilled residue was treated in a
stationary particle (semi-batch) reactor with argon/vydrogen plasmas. The
average plasma temperature was varied between 2190 and 4450 K, and its
hydrogen content was changed between 0 and 33 %.

The results indicate that the residue is pyrolysed, and the gas phase
reactions lead to the production of acetylene, ethylene, methane, hydrogen,
carbon monoxide and trace amounts of ethane and hydrogen sulphide. No liquid
hydrocarbons were detected but soot was also produced. Nitrogen is
concentrated in the unconverted residue whereas hydrogen and oxygen are
preferentially removed. Sulphur is fixed in the wuncenverted residue by
reduction of «calcium sulphate to calcium sulphide Because of highly
condensed aromatic structure of the residue, the conversion of carbon to
light unsaturated hydrocarbons was not higher than 14 % in argon and 24 %
in argon/hydrogen plasmas. The production of acetylene was optimized between
2900 and 3400 K. As a result of the high ash content of the residue. the

conversion of carbon to carbon monoxide is between 1.5 and 4 5 %.




RESUME

Le résidu de la distillation sous vide dans le procédé d'hydrocracking
CANMET, une substance & base de carbone ressemblant & du goudron, a été
traité dans une réacteur 3 particules fixes (semi-continu) avec des plasmas
a argon/hydrogéne. La température moyenne du plasma a été variée entre 2190
et 4450 K, et le contenu en hydrogéne a eté garde entre O et 33 %

Le résultats indiquent que le résidu est pyrolysé, et que les réactions
en phase gazeuse entrainent la production d'acetylene, d'ethylene, de
méthane, d’hydrogéne, de monoxyde de carbone et de trés faibles quantités
d’'éthane et d’hydrogéne sulfuré. La présence d'hydrocarbures liquides n'a
pas été détectée mais de la suie a eté produite L'azote est concentre dans
le residu non converti alors que l’'hydrogene et l'oxygéne sont soutires de
facon préférentielle. Le soufre est fix: dans le résidu non converti par la
réduction du sulfate de calcium en sulfure de calcium A cause de la
structure aromatique condensée du résidu, la conversion du carbone en
hydrocarbures légers non saturés n'était pas plus haute que 14 % dans le
plasmas a argon et 24 % dans les plasmas 4 argon/hydrogéne. La production
d’acétyléne a été optimisée & des températures variant entre 2900 et 3400 K.
La haute teneur en cendres du résidu entraine une conversion du carbone en

monoxyde de carbone se situant entre 1.5 et 4.5 %.
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1.0 Introduction

Since the end of the previous century western civilization has
progressively become more dependent on energy sources derived from fossil
fuels. Initially, coal, which is in the greatest supply, was the most widely
used fuel. However, over the 1last 50 or 60 years, in all highly
industrialized countries, crude oil and natural gas have emerged both as the
principal sources of energy and very important feedstocks in the chemical
industry. This contrasts with the fact that most of those countries have
only small and relatively isolated deposits of liquid fuels. Hence,
processes for conversion of coal and natural gas into the liquid petroleum
have gained substantial interest from several governments. However, it
appears that there is no unique solution, and depending on the regional
conditions, every country has developed different technologies. For example,
New Zealand, having large deposits of natural gas, converts it to gasoline
via methanol. On the other hand, the Republic of South Africa, wishing to
remain  Independent of 1imported oil, has  successfully improved
Fischer-Tropsch process for conversion of coal into liquid hydrocarbons.

Canada, which possesses some of the world's most important sedimentary
deposits of coal and heavy oil, has been involved in the development of a
hybrid process. The concept has been to mix finely ground coal particles
with the heavy oil or heavy oil vacuum bottoms and an additive (functioning
as a catalyst), and then to hydrogenate the resulting mixture. Details about
the (CANMET) process may be found elsewhere (Menzies et al. 1981). Here,
only the relevant points will be described.

The additive, which until recently was iron sulphate (Rahimi et al.
1989) oxr other metallic salts, comprises 0.5 to 5 mass % of the feed.
Together with the undistilled hydrocarbons and the ash derived from coal and
heavy oil it represents the residue. Since such residue, contains relatively
large amounts of iron, sulphur (from the catalyst, coal and heavy oil),
oxides of aluminum, silicon and calcium (from coal) it has no commercial
value and it may be discarded. In 1981, it was estimated that the CANMET
additive would cost $10,200/day whereas the initial capital and operating
costs for the hydrotreaters charge would be $3,400,000 and $6,300/day
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respectively (Menzies et al. 1981). If, however, a newly developed catalyst
is based on more expensive metals, such as nickel or tungsten and molybdenum
sulphides, its regeneration may determine the economic feasibility of the
process.

Several possible traditional schemes for recovery of spent catalyst can
be investigated. For instance, the entire residue can be burnt and the
catalyst can be recovered from the resulting fly ash. Such an approach would
be associated with large capital investments.

An alternative process is treating the residue with a hydrogen plasma.
In contrast to the traditional technology, where only the catalyst is
recovered, the production of sizeable quantities of light unsaturated
hydrocarbons, especially acetylene, might be expected. In the Province of
Quebec with its cheap electricity a similar process for the conversion cf
the natural gas to acetylene has been found to be economically viable (Cooke
et al. 1987).

The general objective of the research project was to assess the
technical feasibility of a CANMET residue to acetylene process. Specific
objectives were (1) to build laboratory scale equipment including a reactor
and sampling train, (2) to develop experimental and analytical techniques
which could be used for studying the treatment of the residue in
argon/hydrogen plasma, (3) to 1investigate the effect of different
operational conditions, such as temperature, concentration of hydrogen or
residence time, on the product distribution and finally (4) to understand
the governing mechanisms during the production cf acetylene from the CANMET
residue in argon/hydrogen plasmas.

The thesis is organized as follows: Chapter 2 reviews the literature
of the plasma treatment of fossil fuels and Chapter 3 presents the results
of a thermodynamic analysis on which the design of the equipment and
experiments were based. The apparatus is described in Chapter 4 while the
results of residue characterization experiments are described in Chapter 5.
The characterization of the plasma and reactor system by calorimetry,
spectroscopy and thermocouple probes 1s discussed in Chapter 6. Finally, the
experimental results of the plasma treatment of the residue are given in

Chapter 7.
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2.0 LITERATURE REVIEW OF PLASMA QOF FOSSIL FUELS

2.1 Introduction

Very extensive literature is available on the subject of the plasma
chemistry of fossil fuels. Venugopalan et al. (1980) have compiled the most
comprehensive review of the topic ever published Several authors have
devoted separate chapters to plasmas in hydrocarbons. These include papers
by Kevorkian (1962) and Vurzel and Polak (1965b) who have summarized plasma
research prior to 1961. Brzeski et al. (1983) and Drost (1978) have examined
the recent progress in plasma experimentation and theory over last three
decades

Although several classifications, to describe plasma reactions in
hydrocarbons, have been developed, the following scheme appears to be the
most practical: according to the type of substrate Venugopalan et al. (1980)
distinguish among reactions in (1) natural gas and methane plasmas, (2)
petroleum plasmas, (3) plasmas in coal, (4) other fossil fuel plasmas. In
addition, they divide each group into reactions in non-equilibrium glow
discharges and equilibrium arcs and jets. They describe separately the
desulphurization of petroleum and coal, flash heating and reactions
initiated by laser irradiation

Ir the field of chemical processing Baddour and Timmins (1967) define
plasma as "a gaseous system sufficiently ionized to be electrically
conductive but still electrically neutral." For purposes of this work there
is no need to accept a more restrictive definition. Non-equilibrium plasma
is defined as one for which the inequality Te > Ti > Tg holds (Te, Ti, and
Tg denote temperatures of electrons, ions and neutral particles). Conversely
equilibrium plasma exists when the average kinetic energy of electrons,
ions, and neutral particles remains similar (Brzeski ecr al 1983). In the
Western literature the equilibrium plasma is denoted as hot or thermal
whereas cold plasma implies lack of thermal equilibrium. However, in the
Eastern Europe another term - low temperature plasma - is also used; it
includes both equilibrium and non-equilibrium plasmas below 15 000 K

(Brzeski et al. 1983, Vurzel and Polak 1970). An exhaustive description of
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the meaning of plasma chemistry is given by Drost in the introduction to his
book (Drost 1978).

Descriptions of an electric arc discharge and a plasma jet may be found
in the literature, for example Boulos et al. (1986) or Kevorkian (1962).
In general, a plasma jet incorporates an arc discharge whose cross-sectional
area is artificially constrained. Since higher temperatures are possible
with plasma jets, a hydrocarbon gas may be mixed with a plasma gas outside
of an arc discharge (plasma pyrolysis). This procedure eliminates some
inherent disadvantages (high conversion of feed to soot rather than to
acetylene, Brzeski ac al. 1983) of passing hydrocarbons through an arc
(electrocracking).

The space which may be devoted to the literature review is rathei
limited. Hence I was faced with a necessity to confine the scope of this
survey. Although the investigation of non-equilibrium reactions of fossil
fuels has been an important research area, during the last century, these
reactions have not been used in industrial hydrocarbon processing On the
other hand, plasma reactions in arcs and jets, satisfying the equilibrium
conditions, ie. Te = Ti = Tg, have been successfully employed in several
practical applications. The equilibrium reactions will be covered here in
more detail. The chemical reactions taking place in non-equilibrium plasmas,
which are important in chemical processing, have been reviewed by Vurzel and
Polak (1970). Reactions of hydrocarbons in glow discharges have been

examined by Venugopalan (1980).
2.2 Comparison of Homogeneous and Heterogenous Systems

It has been shown that fundamental differences exist between
homogeneous and heterogeneous reactions in plasmas (Fauchais et al. 19380).
For example, the research published by Graves et al (1966) proved that as
a result of heat transfer limitations between a hot plasma gas and coal
particles, a complete thermal decomposition did not take place. In addition,
Honda et al. (1985) reported results from a simulation study on
decomposition of coal in argon plasma. Assuming that the decompositicn rate

was limited by heat transfer and using an energy balance, they could

Caimf
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correlate conversion with the argon flow rate, electric input power and
residence time. It is well known that the addition of even 10 percent of
hydrogen to argon plasma may dramatically change its transport properties,
especially its thermal conductivity. Several experimental investigations
have confirmed that conversion of coal to light unsaturated hydrocarbons was
enhanced in argon/hydrogen plasmas, and this improvement was not due to a
direct reaction between hydrogen and coal (Anderson et al. 1968, Beiers et
al 1985, Chakravartty et al. 1984)

Moreover, there is an interaction between plasma and cooled reactor
walls. As reported by Szymanski et al. (1978b) part of hydrocarbons, fed in
liquid phase, does not evaporate in the plasma but rather forms a flowing
film on reactor walls; this results in the lower overall conversion,
Furthermore, coal particles may agglomerate (coke), during the injection
into a plasma flame, forming clinkers and eventually choking the injection
nozzle. This phenomenon was observed by Chakravartty ec al. (1976)

Gas phase reactions avoid many of these technical difficulties. Since
there are fewer independent variables these reactions may be experimentally
optimized and even the yield, product distribution, and specific energy
requirement (SER), may be estimated from thermodynamic and kinetic
calculations (e.g. Gulyaev and Polak 1965, Melamed et al. 1965) (SER is
defined as the amount of energy required to produce one kilogram of
acetylene, it is measured in MJ/kg). On the other hand, reactions of solid
or liquid hydrocarbons (i.e. hydrocarbons injected in liquid phase) in
plasma are poorly understood phenomenologically although an interesting
reaction mechanism has been reported in recent literature (Baumann and
Bittner 1988, Baumann et al. 1988)

As a result of the above-stated dissimilarities homogeneous and

heterogeneous systems will be discussed separately
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2.3 Homogeneous Systems
2.3.1 Optimum Conditions for Methane Decomposition in Plasma

The first industrial process for the plasma production of acetylene,
known as Huls process, was developed using an electric arc discharge
(Baumann 1948) and therefore it was rather energy inefficient Since the
advent of plasma jets, at the end of 1950's, hydrocarbon plasma processing
has undergone a rapid expansion.

As early as 1961, Leutner and Stokes have reported that methane can be
converted to acetylene at 80 % yield by feeding methane into the tail flame
of an argon plasma jet. Subsequently, their experiments were duplicated in
the U.S5.5.R. for higher flows of methane (Gulyaev at al. 1963). Initial
thermodynamic and kinetic analysis of CH, decomposition in plasma were
performed by Anderson and Case (1962); in the calculations they included
CH,, CyH,, H,, H. Gulyaev and Polak (1965) proved that results from

thermodynamic calculations remain in a close agreement with experimental

gl

results They ensured that mixing between cold feed (CH,) and hot plasma gas
was approximately 15 times faster than acetylene formation. In addition they
maintained quenching rates above 10° K/s preventing acetylene decomposition.
It is worthwhile to mention that the rate of soot formation is much slower
than the rate of acetylene generation and hence thermodynamic calculations
ought to be performed only in the gas phase; some researchers use the term
quasi-equilibrium as opposed to full equilibrium when both phases are
included. Soot consists mainly of carbon but it may contain very small
amount of hydrogen.

Gulyaev and Polak’s elegant analysis spurred many papers. Plotczyk

(1983,1985) has wverified, experimentally and numerically, that conversion
of methane depends on the quenching temperature. Methane transformation is
essentially complete above 1900 K, however conversion to acetylene is
maximized between 1900 and 2600 K. His results further corroborate Gulyaev

and Polak'’s conclusion that the highest energy efficiencv is achieved at

1900 K.

vy
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2.3.2 Decomposition of Other Gaseous Hydrocarbons in Plasma

In the paper, originally published in 1961, Tsentsiper et al (1962)
indicated that in an arc in addition to methane, ethane, propane, ethylene
and propylene can be cracked to acetylene. They noted that conversion of
these hydrocarbons to acetylene is associated with improved yields and lower
energy consumption.

Vurzel and Polak (1965a) reported results from several experiments
conducted both in homogeneous and heterogeneous systems Investigating
pyrolysis of n-heptane and gasoline they determined that liquid hydrocarbons
should enter a reactor in the vapour state. They also showed that for
heterogeneous reactions the conversion diminishes, for example for n-heptane
from 79 to 58 %.

I1'in and Eremin, in 1962, performed pyrolysis of gasoline by mixing
a hydrogen plasma and gasoline vapour in the reactor (Il'in and Eremin
1962). In another investigation, the same authors (Il’in and Eremin 1965),
pyrolysing hexane, heptane, and n-octane determined that the product
distributions are similar to those obtained from the previous study. Polak
et al. (1969) drew analogous conclusions for the pyrolysis of vapours of
crude oil in a hydrogen plasma. Their experiments were conducted below 1600
K to avoid formation of soot. As determined by Rozanova and Sidorov (1976)
substitution of Diesel oil for pgasoline tends to decrease conversion to
acetylene and to ethylene Conversion of gaseous or vaporized hydrocarbons
in plasma was also investigated by other authors (e g. Endyus’'kin et al.
1974, Gehrmann and Schmidt 1971, Gladisch 1969), and more recently by
Beiers et al. (1988).

Small amounts of liquid hydrecarbons may be produced during plasma
pyrolysis. For example, in Huls process (Baumann 1948) 23 kg of benzol
(benzol denotes a mixture distilling below 100 °C and containing 70 %
benzene) are manufactured for everv 1000 kg of acetylenc, whereas in
modified Huls process (Gladisch 1969), approximately 1 6 % of cracked
propane is converted to benzene. Similarly the pyrolysis of long chain
paraffins in a H,/CH, plasma results in about 2 % conversion to liquids

However the pyrolysis of high molecular weight cycloalkanes and aromatics
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(decalin, dodecylbenzene) in a H,/CH, plasma yields up to 12 % of liquid
hydrocarbons (Baronnet et al 1987).

Apart from processes described above, other interesting investigations
include a paper by Il’'in and Eremin (1963) about pyrolysis of gasoline
vapour in a water vapour plasma, a report by Kerker and Muller (1984) of
using a water vapour/methane plasma to produce synthetic gas and lastly a

publication by Bonet (1976) who reduced ilmenite in a methane plasma.
2 3.3 Quenching Techniques

If a reacting mixture of hydrocarbons is not cooled rapidly acetylene
would participate in a chain reaction leading to the formation of soot
(Spangenberg 1981).

C,H + C,H, - CHy - CH + H, - CH, -~ .. - CgH; -~ . = CgH, etc.

However, if the mixture is quenched the C,H radical may enhance the yield
of acetylene (Plooster and Reed 1959) Krukonis ard Gagnon (1974), using
deuterium and C, investigated mechanism of the hydrogen quench. They
determined that hydrogen is a more efficient quenching medium than an inertc
gas as helium, argon or nitrogen. However, they were not able to explain
this difference by variations in the conductivity, diffusivity or heat
capacity of the mentioned gases. Eventually they suggested a chain mechanism
that was initiated by acetylene fragmentation into C,H, C,, CH and H. At
lower temperatures, the chain reactions were terminated by recombination of
C,H and H or two CH radicals.

Sundstrom and DeMichiell (1971) performed a numerical study to evaluate
different quenching techniques: mixing with a cold gas, injection into a
fluidized bed, contact with a cold surface or evaporation of a liquid spray.
The first two techniques provide the fastest rate of quench - above 107 K/s.
Quenching by contact with a cold surface with the rate of quench greater
than 10° K/s is commonly used in a laboratory scale equipment. There are
several publications on theoretical and numerical aspects of these quenching
techniques (Bukhman et al. 1965a&b, Khait 1965, Kurowski and Lesinski
1978); quenching by an adiabatic expansion is described by Spangenberg

(1981) and Dessau et al. (1985). An experimental comparison of some of
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quenching techniques may be found in (Drost et al. 1985a); quenching by
injection into a fluidized bed was studied by Goldberger and Axley (1963).

An increase in the concentrations of acetylene and ethylene in the
product gases as well as an improvement in thermal efficiency is achieved
by quenching in two stages (Polak 1971). In the first stage gaseous or
liquid hydrocarbons are mixed with hot reacting gases. The temperature is
decreased due to the evaporation of 1liquid and heating up of gaseous
hydrocarbons. Also, quench hydrocarbons are decomposed in endothermic
reactions to C,H,, CH,, H, and especially to C,H, This results in further
temperature decrease (Plotczyk et al. 1986) and it may be described as a
chemical quench. The second stage is realized by utilizing one of the

standard quenching techniques.

2.3.4 Reaction Mechanism and Catalytic Effects

Kassel (1932,1935), who studied the thermal decomposition of methane
in quartz bulbs between 700 and 850 °C, concluded that cthe primary rupture
may be represented as CH, - CH, + H,. This result was soon disputed by Rice
and Dooley (1934) who did not detect methylene radicals (CH,) but instead
observed methvl groups (CH,;); they represented the primary step as
CH, - CHy + H Nevertheless the Kassel’'s mechanism, slightly updated
(Shantarovich and Pavlov 1956), has been repeatedly 1pplied, for over forty
years, in simulation of methane decomposition in plasma (Vurzel and Polak
1975, Kurowski and Lesinski 1978).

The kinetics of thermal decomposition of ethane, ethylene and
acetylene, between 1000 and 1600 K, were investigated by Towell and Martin
(1961). Ostroff and Miller (1971) determined an Arrhenius expression for
decomposition of benzene between 1400 and 2200 K.

Since the invention of a shock tube, described by Kevorkian (1962),
there has been a substantial progress in the understanding of the reactions
of formation and decomposition of light unsaturated hydrocarbons at high
temperatures (Frenklach et al. 1984, Klotz et al. 1983, Koike and Morinaga
1981, Spangenberg ec al. 1986, Tanzawa and Gardiner 1978). Borger et al.
(19682) and Spangenberg et al. (1985,1986) showed that decomposition of
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methane is of the first order (in methane) below 1850 K and it changes to
the second order above 2200 K; formation of methyl radicals was taken as the
primary step. Their experiments included measurements in plasma jets and
behind reflected shock waves. The same authors studied the kinetics of
formation of higher acetylene derivatives (Spangenberg et al. 1978) and
creation of soot particles (Spangenberg et al. 1983).

It is worthwhile to mention that although thermodynamic calculations
were successfully applied by Gulyaev and Polak (1965) to methane, this
approach may not be as accurate for other hydrocarbons For instance, Il'in
and Eremin (1965) demonstrated that due to the distinct kinetic mechanisms
the plasma decomposition of n- and 1-octane showed different product
distributions. A variation in the product distribution was also observed by
Beiers er al. (1988), who maintained C/H ratio, temperature and pressure
constant but changed feed hydrocarbons, C/H = C in hydrocarbon / (H in
plasma + H in hydrocarbon). This is yet another proof that reactions in
plasma are kinetically controlled

Conversion of propane to acetylene 1in an argon plasma may be increased
with the presence of aluminum, tungsten or iron vapours, as investigated by
Meubus (1975a&b). The introduction of nickel particles during the pyrolysis
of C,-C, hydrocarbons changes the product distribution (Moisyeyev et al.
1586) The acetylene yield could be as high as 100 % for iron, 93 % for
aluminum and 87 % for tungsten vapours. In the absence of metals similar
yield is around 70 %. Also, the metuls vapours tend to decrease the reaction
temperature required for maximum yield. Meubus attributes these phenomena
to catalytic effects taking place on surfaces of minute metal crvstals which
condense during quenching In addition in the presence of aluminum, C.H
radicals are preserved by energy transfer from excited Al atoms during the
quenching process The effect of irradiation by UV light, during cracking
of propane in an argon plasma gas, is investigated in yet another paper by
the same author (Meubus 1983).

Drost et al. (1985a), performing experiments in a single pulse shock
tube, found that even small addition of ethane (less than 5 %) to methane
may improve yields of acetylene and particularly ethylene - up to eight fold

at 1500 K From the decay curves they concluded that ethane is pyrolysed
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faster than methane. They theorized that C;Hg radicals were responaible for

a4 better conversion to ethvlene

2 35 Plasma Reactors

In initial experiments Leutner and Stokes (l961) attempted to use an
argon/methane plasma jet to produce acetylene However, thev were not able
to control heat transfer to the tungsten cathode  which  meltod
instantaneously Gulyaev and Polak (196Y) were not onlv capable of operating,
their torch with a pure hydrogen plasma but also they succeeded 1n desipning,
a reactor in which the mixing time between hydrogen and methane was 10° s

Processing of hydrocarbons in thermal radio frequency (RF) reactor,
inductively coupled, was 1investigated by Ibberson and cChristofides
(1977,1983) The residence times were between 6-8 ms, over 40 times longer
than optimum, resulting in severe decomposition of acetvlene to soot
Furthermore, mean exit temperatures were between 3000 and 4000 K, the
optimum temperatures calculated from full thermodynamic equilibrium. 1t 1.
clear that RF reactor is not well suited for production of acetylene but may
be successfully employed in manufacturing of acetylene black (Bolouri 19832)

Application of a capacitatively coupled Rl vlasma tor thermal pyrolysi .,
of methane and heavv oils was studied by Kovenir (1983) He concIuded that
RF plasma jet prrolysis of hydrocarbons may not compete with AL or
especially [C devices 1n industrial applications It 15n known that
capacitatively coupled RF plasma torches have ctficicncy of only 20-30 3%
(Brzeski et al. 1983). Iberson and christofides (1977) vreported 49 %
efficiency for their torch In spite of these drawbacks RF torches are ideal
laboratory tools sinece thev do not contaminate the plisma gae

An interesting reactor for hydrocarbon procesoing 14 deseribed in oa
recent patent {(Hoffmann er al 1983 The reactor chamber 1y lined with
graphite through “hich several hole« are drilled, parallel o the g of
the reactor Liquid or liquefiable hverscarbons are fod 1nto the praphite
tining at the bottom of the reactor A thoy Llow upwards they aie vaporiced

and are eventually injocted into the reactor chawboer
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Some aspects of the design of a plasma reactor, including selection of

its shape and scaling up equations, are discussed by Szymanski (1978).
2.3.6 Specific Energy Requirement

Any industrial process of plasma production of acetylene, to be
commercially successful must minimize the consumption of electricity. The
following discussion will be based in part on a paper by Krukonis and
Schoenberg (1968) Decomposition of methane to acetylene is an endothermic
reaction with energy consumption of 354.4 kJ/(mol of acetylene) or SER =
13.6 MJ/kg. Assuming 80 % conversion of methane to acetylene and including
the sensible heat for heating a plasma gas and methane to 2000 K one obtains
SER of around 17 5 MJ/kg. Energy losses from a reactor and from torch
electrodes tend to increase minimum SER further to 23 - 25 MJ/kg However
decomposition of higher hydrocarbons is not as endothermic. Additionally,
more acetylene and ethylene may be produced during the two stage quench. For
example, newly developed AVCO process (Patrick et al. 1985) for conversion
of coal to acetylene and ethylene is credited with SER of 22 MJ/(kg of C,H,
and GC,H,) .

A more refined analysis of SER for methane conversion to acetylene in
a plasma process was performed by Szymanski (1977) and by Szymanski et al

(1978c).
2 3.7 Industrial Applications

A comparison among existing industrial processes as Huls (Baumann
1948), Westinghouse (Fey et al. 1985), Du Pont, modified Huls (Gladisch
1969), Hochst (Gehrmann and Schmidt 1971), and WLP (Knapsack-Griesheim)
(Sennewald 1963) may be found elsewhere (Brzeski et al. 1983, Drost 1978,
Fauchais et al. 1980). In general Huls, Westinghouse and Du Pont utilize
electrocracking technology whereas modified Huls, Hochst and WLP employing
plasma pyrolysis process, accept liquid and gaseous feed., The Huls process
has been in operation in Germany since 1928 (Foster 19€5). The Du Pont plant

in Montague in the U S.A., came on stream in 1962 but it had to shut down
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in 1968 due to the contracting market for acetvlene (Kushner 195) and
reduced cost of calcium carbide Manufacturing costs ot acetviene 1n the
Huls or the Du Pont plant were approxwumately equal (Polak 196/)

Drost (1978) and Brzeski et al. (1983) give information about pilot
plants in Romania (in Borzesti, 20 kW), in Czechoslovakia (Brunn process,
35 kW) and in Poland (in Tarndéw, 100 kW), nevertheless it is not certain if
these installations are still in operation. There are no detailed da=a on
pilot plants 1n the U S.S R although it appears that the research s
conducted not only 1in Moscow but also in Azerbarjan (Melhik-Zade oo il
1975) ., in Byelorussian (Zabrodin et 4l 1973), in Kirghiz (Kolobova et .l

1984 and 1985), and in Tajik (Novikova er al 1984) Sovict Repnblies

2 4 Heterogeneous Svystems

2 4.1 Reactions of Graphite and Coal 1n High Intensity Ares

Several kinetic and thermodynamic studies, on reactions between carbon
and hydrogen at high temperatures were reviewed by Clarke (1967)  They
included papers on graphite rods and tubes, on fixed bhedy, on graphite
filaments and on high intensity arcs

Baddour and Blanchet (1964), and Baddour and Jwanvio (1362, uning a
consumable anode in a high intensity arc, produced acetylene and condensed
carbon The concentration of acetylene was o+ high as 26 4 an oa
hydrogen/inert gas plasma, and 52 % with rethane feod, wupporting Ploosgt e
and Reed's hypothesis (1959) that C,H radicals improve the acetvlene vield

Leutner and Stokes (1961) produced wmall amount of acctvlene by feoding
powdered carbon 1rto an argon/hvdrogen jet "hio confirms the concluaion by
Baddour and coworkers that a pla<ma jet reasctor 1o anferror to o hagh
intensity arc reactor for investigations of the kinetion ol reactrons
between carbon and hvdrogen at high temperatures  Subocquently . Amman et ol
(1964 ) . Krukonis and Gagnon (197%) a< well as Fruronis and Sehoenbery ¢ 1908)
1sed an arc reactor in decomposition of coal whercws Shoer and Forman 1974

employed a carbon anode for arc swothe.io of bydrocarban.
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2.4.2 Inorganic Matter in Coal and Addition of Catalysts

Certain interesting results were obtained by processing coal with high
ash content in an argon plasma (Kozlova et al. 1977). It was shown that for
the coal particles between 63 and 160 um, 20 % of the SiO, was converted
into SiC. On the other hand, the product gases contained mostly hydrogen
(47.7 %), carbon monoxide (45.0 %), and small amounts of oxygen (3.4 %) and
acetylene (4.0 %).

The mount of inorganic matter contained in coal may have a significant
effect on the overall conversion and on the yield of acetylene in
particular. This was experimentally wverified by Bittner et al. (1985) for
South African, German and American coals, as well as by Chakravartty
(1976,1984) for Indian coals. In general, decomposition of coals with higher
ash content increases the conversion to carbon monoxide at the expense of
the conversion to acetylene, i.e. metal oxides are reduced by the carbon
content.

The effect of some catalysts (cobalt molybdenite, zinc chloride and
calcium chloride) was stidied by Anderson et al. (1968). An addition of
CaCl, to coal, during processing in an argon/nitrogen plasma, resulted in
an increase In production of H,, CH,, C,H, and HCN. However, in an
argon/hydrogen plasma the presence of catalysts decreased production of C,H,
and HCN by as much as 50 %.

Some coals may contain sulphur bearing minerals as pyrite (FeS;) and
pyrrhotite (Fe;.,S). At high temperatures, sulphur from the decomposing
sulphides reacts with carbon and hydrogen to form H,5 and COS Sulphur
absorbing compounds (calcium carbonate or potassium carbonate) may be added
to the feed; during processing they form CaS and K,S (Bozzuto 1984). It
appears likely, however, that application of either carbonate could result
in decrease of acetylene and in increase of carbon monoxide yields.

Finally, heterogeneous reactions between reactor walls and a plasma gas

are considered to be not important (Szymanski 1979).
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2 4 3 Effect of Grain Size and of Volatile Content

A summary about different processing parameters and their tmpor tane o
on conversion of coal to acetvlene was given by Kulcaveba 19/8)  Since the
size of coal particles, the amount and tvpe of voiatiles preaent 1n cosl ae
well as plasma gas appear to be extremely significant they will be covered
here 1n more detatl

It is uwniversally accepted that hipgher converaions to acets lene are
achieved with decreasing prain site of coal, below 10 um coal particles tend
to agglomerate. Conversion of coal to acetylene may be increancd by proper
selection of size distribution of coal particles which would huret 1n the
plasma jet due to a fast liberation of wolatile mateital (Baumann of ]
1988, Bond et al. 1966, Kozlova and Kukhto 1976, Fulervelba 1w, 8 i
process is aided by lowering the pressure in a reactor

The maximum conversion of coal is constrained by the amount of hivdiropen
initially present in coal (C/H ratio) and its distribution amony alrphata
alicyclic and aromatic hydrocarbons (Chakravartty oo al 170 6 Bittne: of
al. (1985) reported that "the maximum acctylene vield will be
cbtainable in the transitional range between hiph and medium volat)]e
bituminous coals "

It wvas determined that addition ot hydrogen to . aipan ploms enbaces,
conversion of coal to acetylene by ronpghly two timen (Bittoer or af  19dy,
Nicholson and Littlewood 1972, Szymanskr ar al 197910, and 1n v ol ol
extracts by even three times (Kulczveka 19740 The vield of oot 2l
increases rapidly betwveen 0 ard 10 % of hydropen an plavara, bo o coer 1t
levels off for hisher hydrogen concentrations lor o aple o Cachol Lon and
Littlewood (1972) were able to obtain a wan.mun deet < lom s1e 14 Gl e, on
a carbon basis, with 10 3% hydrogen pla.wma  Low feeding 1ason of coal, 1n

those experiments, might have allowed a complete prerolzar ot the fod cul

Similarly, Kawana at al (1907, obtained 52 s converaion to we' L lene in
an argon plasma, at very high SLR of w®6 4i/bp
Reaction of coal wvith o bvdroyen plasme 11 rof - wli Pl ioane oy

prrolysis and hydrogenation 1n the pas phase Poees o o ila S

According to a theory put forward by Boiamanr, ardd ceoopie e Pt
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limiting step is pyrolysis of the coal itself which requires approximately
4 ms. Primary volatiles which are formed consist mostly of tars and small
amounts of low molecular weight gases. These tars undergo very fast
reactions (reaction time less than 0.4 ms) leading to the formation of
acetylene. The reaction temperature should be high enough to promote
bursting of coal particles but not so high as to result in the formation of

soot
2.4.4 Gasification of Petroleum, Coal and Other Fuels in Water Plasmnqs

If a carbonaceous material is reacted with a water plasma H,, CO, CO,
and small amount of hydrocarbons are formed. This method is suitable for
production of reducing gases. For example Gauvin et al. (1983) and Stuart
et al. (1984) were able to produce a synthesis gas with H,/CO ratio of 1.8
from dried and ground peat Since they obtained a carbon conversion of 89 %
they concluded thar their process, with slight modifications, could be
indirectly used for methanol production. Production of the synthesis gas,
from a variety of substrates, was reported by Camacho (1985). A similar
study but with an argon plasma was performed by Huczko et al. (1987). Muller
et al. (1987a) demonstrated the feasibility of wusing the Huls process for
the production of H,

Kubanek et al. (1985,1986) reported conversion of up to 100 % of
Alberta heavy oil in simulated steam plasmas. Other researchers investigated
gasification of coal (Belov and Romas’' 1978, Dobal 1978, Kolobova et al
1985) or oil shale (Nursultanov et al 1974) 1n true water plasmas
Decomposition of coal and liquid hydrocarbons in water/air plasmas was
reported by Kolev and Georgiev (1987) and Yakovlev et al. (1982) Papers,
on simple models (Dobal 1978), engineering correlations (Kolobova et al
1984) or simulations (Lesinski et al. 1985) involving chemical reactions in

water plasmas, were published
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2.4 5 Plasma Reactors

Reactors used for gaseous systems are also applied in proceasinyg of
liquids and solids Additionally, there are several reactors developed only
for heterogeneous systems For example, Venugopalan o al  (1980) veview
submerged arcs in petroleum and liquid hydrocarbone edosevov et ai ollint
described a stationary reactor in which argon jet vs ditecied at the santa,
of kerosene Zabrodin ot al (19773) compared concumrrent and countorcurien:
modes of petroleum 1njection into nittogen and methane hvdroyen piasme Jots
They concluded that, for heterogencous systems, both the overall conversion
and acetylene yield are improved in countercurrvent arranpement the
countercurrent technique was first developed by Mosae oo o] (1971 1o o
smaller extent, arc reactors are also used in liquid hediocarbon proccasiny,
an example of such a reactor 1s given b Drost et al (14985

In general, the processing of coal 1o jerformed crther 1n wtat onay
or in flow reactors. Stationary reactors, involving carbon electiodes or
comrpacted beds, were used by Amman et al (1964, by Baddour and cowarlor,
(1962,1964) as well as by Leutner and Stokes (191) A wtationmy pouted
bed reactor was operated by Bal et al (1971) Seyvmanakl  and  Galska
Krajewska (1971) studied operation of another stationarys reactor - {Iardised
bed reactor Also, Szymanski et al. (19%73) wtudied prrolve o of broon coul
in  spouted bed and fluidized bed reactors T P LS B S A L
hrdrocarbons, flow reac-ots may be operated in concurren' or conntoront ey
modes Although, the countercurrent imethod  vields promiaiuy  reaul?
(1985), at this time, the concurrent technique secmre to be utibicea nop.
often (e g Baumann and Bittner 1988, Bond er al 1966 tauven ot ) 1o,

Nicholson and Littlewnod 1972)

2 4 6 Production of Acetvlene from Coal

Based on the literatrure surwvey 1L appears that thaae ape “un proccen o
that achieved economical aad technieal matarrr e and vy Lo vavd e 0
scale industrial plant, those arc Hule proce o oo tarpany O

Feuckert 1983, Muller and Vaoke 198V, Peearbers andd 00, Y, M oy o
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al. 1987b&c) and Avco process in the U.S.A. (Kushner 1985, Patrick et al.
1985). Both were tested in pilot plants, Huls in 500 kW unit and Avco in 1
MW reactor. Similarly, they employ a hydrogen plasma with hydrocarbon
quenich, they operate at pressures below atmospheric. Huls D.C. reactor is
stabilized by vortex while Avco utilizes a D.C. rotating arc reactor. They
both claim analogous conversion to acetylene of around 50 %. According to
a financial study, in 1981, a total cost of a kilogram of acetvlene produced
in AVCO process was estimated to be 44.4 ¢ (Patrick er al 1985). However,
the net cost of production of C,H, from AVCO pilot plant was evaluated to be
24 % higher than from thermal decomposition of hydrocarbons in a Wulff

furnace (Fauchais et al. 1980).

2.5 Some Economic Considerations

One should realize that it 1is highly unlikely that acetylene may
substitute ethylene as a basic feed stock for the petrochemical industry,
at least not in the near future. Although U.S. production of acetylene
increased by 43 % in January and February 1989 compared to the same period
last year, it should be remembered that acetylene production is only 1.8 %
of the total U.S. output of ethylene (Anonymous 1989). Moreover, according
to Hunter (1989), ethylene production capacity in the U.S.A and in Canada
will increase by 6.4 billion kg/year between 1990 and 1993.

Lastly, predictions that plasma processing of hydrocarbons would
become important were based on two assumptions. (1) cost of fossil fuels
would increase and (2) cost of electricity would tend to decrease. Neither
of those predictions was fulfilled over last decade; according to Nelson-
Farrar Cost Index (published in 0il & Gas Journal) cost of fuel actually
decreased by more than 50 % between July 1981 and January 1789. Over the
same period cost of ethylene increased marginally from 61.7 ¢/kg (Patrick
et al. 1985) to 70.5 ¢/kg (as given in Chemical Marketing Reporter, 12 June
1989) .
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3.0 THERMODYNAMIC INVESTIGATION

The consideration of the equilibrium composition of plasma ovetems
provides useful information about the optimum operating conditions Because
of the kinetic limitations the exact product distribution from the pviolyain
of complex hydrocarbons in the plasma cannot be determined  tirom
thermodynamic calculations (Chapter ) The objective of thiy study wae to
assist in planmive an esperimental program for the treatment of the CANITH]
res.due 1n hydrogen plasmas, and especially (1) to deternmine the me 1mam
vield of the unsaturated hydrocarbons as a functien of the quenching
temperature and (2) to investigate the concentration ot potentrally lethal
gases in the products.

In general, the equilibrium composition may be caleulated crther by the
classical equilibrium constant method or by the direct free-cnerpy
minimization method. The latter, whicn i~ now commonly nused, was developed
by ¥hite et al (1958) and 1t was extended to plasma sy.tems by Zelernik and
SGordon (1966) In brief, 1t is based on the mimmization of the Gibbhy tree
energy at constant temperature and pressure to determine the composition
subject to the element balance constraint In other words, given 4 certain
C/H ratio, temperature and pressure, and assuming a et ol compound, tor
which the Gibbs free enerpy of tformation 1u  Fnown the ceogmibihriae
composition can be uniquely calcultated HNumerical alporithms for the
calculation of chemical equilibrium were extensively reviewed by Smith and
Missen (1982)

The thermodvnamic calculation: wer: hased on the chomacal camposition
of the CANMIET residue as given 1r. Tanle 5 1 or on a wolar bacrs av
CH, 5so1Ny 013250 511209 qu-z with a molecular werpht of 1% 46 pmal “mall amovnt
of metal exides (Table 5 2) were notr jreluded 1 the caloalatron,  The
computation of the distribution of rhe metals amony, o Jarse nunber of <olrd
phases was not justified 1n wvicw of the apmoina e chararter of the
thermodvnamic calculations In addition the cost of che o aboalatrony would
have been substantially increaoed

Duff and Baver 1942) calevlas d Chormodymie et rors tar o Tatye

cunther of C-Hmolecules  Thew <liowed "hat acet o andtoodrocarbhor cadioal,
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but not alkanes are important in characterizing the equilibrium composition
above 2000 K. The thermodynamics of C-H-N systems was analyzed by Marynowski
et al. (1962) and Spangenberg et al. (1974) to investigate the production
of hydrogen cyanide, cyanogen and acetylene. Finally, Pustovoytenko (1979)
examined thermodynamic quasi-equilibrium (no solid phase included in the
calculations) of C-H-N-S-0 system using an example of a fossil fuel with the
formula CH.N; 1S; 0040g gs5+ where ¥ was varied between 0.1818 and 1.4286.

The thermodynamic calculations were performed on the F*A*C*T program
(Facility for the Analysis of Chemical Thermodynamics) available on the
McGill computer system. Boulos and Fauchais (1986) concluded that for
calculations of the composition of the plasma and its thermodynamic
properties, data coming from the same source should be used or serious
errors may arise Consequently the thermodynamic data necessary for the
computation such as standard heat of formation (at 298 K), absolute entropy
(at 298 K), and the heat capacities were all taken £from the JANAF
Thermochemical Tables (1971)

The functional relationship between the absolute temperature and the

heat capacity was computed by curvefitting the data from the JANAF Tables
into the form;

cg = a+ bel0HT + ce10°1°2 + d.107.72 (3.1)
vhere a, b, ¢ and d are constants, T is absolute temperature in K and cp is
heat capacity expressed in cal K! mol’!.

The entire temperature range was subdivided into two intervals 298 to
2000 K and 2000 to 6000 K. The coefficients of the equation (3.1) are
presented in Tables 3.1 and 3.2. The accuracy of the least squares
calculations 1s good with a maximum error of 2 7% for 298 - 2000 K and 0. 3%
for 2000 - 6000 K. The heat capacities at high temperatures are easier to
fit since they do not change rapidly. The coefficients a, b, ¢, d were used
to create a private file on the F¥A*C*T system.

The Tables 3.1 and 3.2 do not contain aromatic and higher unsaturated
hydrocarbons. Due to kinetic considerations (low rates but high

thermodynamic stabilities), those compounds were mnot included in the




computations

Simple calculations were performed to verity the POUTLIE provaam ca
part of the F*A*C*T svstem) The equilibrium composition ol o misture
containing CH,, CO, CO,, O,, H, and H,0 was calculated ditectlyv from the tree
energy values by using the programs from Appendices A 1 and B0 ot smith
and Missen (1982) The agreement between these calculations and the FQUITITH

results was within three percent

Table 3.1 Heat Capacity at Constant Pressure for C-H-N-5-0
Compounds in cal K™! mole™'; Range 298-2000 K
(curvefitted from JANAF Tables)

no compound a h s d

1 ¢C carbon graphite S4496 0 3 76062 -1 40451 -1 06140
2 C carbon monatomic 00382 -0 07271 -0 00466 O OILOG6
3 CH methylidyne 77979 2.24097 051166 -0 1040
4 CH, methylene 03657 6 55366 -0 34108 1 W4l28)
5 CH,0 formaldehyde 97794 12 99740 -0 1Aada/9 -3 260
6 CH, methyl 35168 12 0loab 0 Ohaaty 2 90,74
7 CH, methane L90432 18 46863 0 39229 -4 681,
g CN cyano 04789 2 33267 0 2,558 -0 44h04
9 CN, CNN radical B7687 4 08269 -0 8laay -0 97079

67918 3 38549 -1 B94u9l -0 9660
76104 2 78658 0 38370 -0 6770
78884 5 74042 -1 36243 -1 47064

10 CN,  NCN radical
11 Co carbon monoxide
12 CO, carbon dioxide

13 COS carbon oxide sul 19.50238 4 33886 -1 60994 -1 11125
14 CS carbon monosulph L02220 2 07721 -0 43940 -0 58S
15 CS, carbon disulphid 11 84482 7 19038 -1 664966 -0 BESLL
l6 C, carbon diatomic 49641 0O 85508 231922 0 0017,
17 C,H  CCH radical 32667 4 62995 -0 BSU6Y -0 926H00

— —
SO O NN DO WM OO YO SO N

4?2363 7 57657 -1 19741 -1 1A
L11547 20 315740 -2 30270 -4 9094
34893 24 44838 -4 28081 6 11900

18 C,H, acetylene
19 C,H, ethylene
20 C,H,O0 ethylene oxide

(Yol

21 C,N CNC radical 12 21787 2 41500 -1 BEAOGUY -G Banu
22 C,N, cyanogen 13 26476 6 63000 -1 46893 -1 Jaold
23 C,0 CCO radical 9 A3186 5 K1/BE -0 BP9 -] AR2E)
24 C, carbon trimeric 9 32810 5 27370 -1 24640 o1 307l
25 C,0, carbon suboxide 16 23343 9 82456 -2 6L7266 2 H66.)
26 C, carbon tetratom:i 13 01649 7 36745 -2 G24A6 1 9400
27 C,N, tetracarbon dirni 20 61424 10 98724 -2 80041 0 A1)
28 Cs carbon pentatomi 16 70489 9 AALL9 -0 Jel 0 nd
29 H hvdrogen monatom 4 TH80O0 1) 06600 0 06GHO0 0 GLO
30 HCN  hydrogen cvanide 7 92470 L /067" 0 74630 L 1 3d)
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35 HNO,
36 HNO,
37 HS
38 H,
39 H0
40 H,S
41 H,80,
42 N
43 NH
44 NH,
45 NH,
46 NO
47 No,
48 NO,
49 N,
50 N,H,
51 N,H,
52 N,0
53 N,0,
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60 S
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64 SO,
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67 Sg
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Table 3.2 Heat Capacity at Constant Pressure for C-H-N-S-0
Compounds in cal. K™} mole™; Range 2000-6000 K
(curvefitted from JANAF Tables).

@]
a0

CH
CH,
CH,0
CH,
CH,
CN

CN,
10 CN,
11 co

12 co,

COENOUHWNHY
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carbon graphite

carbon monatomic 3.
methylidyne 8.
methylene 14.
formaldehyde 19.
methyl 19.
me thane 24,
cyano 5.
CNN radical 14,
NCN radical 14.
carbon monoxide 8.
carbon dioxide 15.
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65 S, sulphur diatomic 8.94253 0.06358 -1.77747 -0.00001
66 S,0 disulphur monoxi 13.30231 0.00244 -6.39696 -0.00019
67 Sg sulphur octatomi 43.71730 0.00068 -6.85870 -0.00005

The results of two sets of calculations, with and without solid phase
are presented in Figures 3.1, 3.2 (without solid phase) and 3.3 (with solid
phase). The simplicity of the figures was preserved by not including
compounds nor radicals whose concentrations were below 1%. Ions were found
to emnist at temperatures below 6000 K, however their combined volume was nct
higher than 0.002%

Figure 3 1 shows the pyrolysis of the residue in a hydrogen plasma when
one molecule of H, is added to every pseudo-molecule of the CANMET residue.
Since the operation with the pure hydrogen plasma was not possible in the
experimental equipment, the decomposition of the residue 1in an
argon/hydrogen plasma was also investigated (Figure 3.2). Because of the
dilution by argon the maximum concentrations of hydrocarbons decrease;
however the shapes of the concentration curves remain unchanged. At
temperatures below 1500 K familiar stable molecules (such as CH,, C.H,, CO)
predominate whereas formation of acetylene and its preocursor (C,H) is
important betwean 1500 and 3500 K. Above 4000 K the concentration of
monatomic gases as C and H becomes significant.

The full equilibrium calculations were performed to determine the
effect of the presence of solid carbon (graphite) on the production of
acetylene (Figure 3 3). Below the sublimation temperature of carbon, (3400
K) the gaseous phase consists almost exclusively of argon, hydrogen, carbon
monoxide and methane at low temperatures., The fraction of the initial carbon
that goes to the solid phase is 0.26 at 500 K, but it increases to 0 95 at
1000 K, then it stays approximately constant to decrease rapidly above 3000
K (Figure 3.3) The production of acetylene attains a maximum at 3500 K .nd
1t is mostly due to the C,H radical. Since the conversion to acetylene and
C,H radical is higher for the quasi-equilibrium calculations (95%) one can
conclude that the residence time of the gases in the reactor should be
maintained between 107 and 10 s to allow the formation of acetylene and
to avoid the generation of soot (Baumann et al. 1988).

Figure 3.4 shows that the maximum conversion of carbon to acetylene is




. 25

1000000 e ——
M|
0.100000} C2f ‘ . C
t
0.010000 »__q!
|
! X ~

0.001000 Lo

\ .

0.000100 N
M
|

MOLE FRACTION

CONCENTRAT I10M

0.000010

0.000001 )

TEMPERATURE., K

Figure 3 1 Decomposition of the CANMET Residue in a Hydrogen Plasma, Ouasn-
Equilibrium Calculations (Pressure = 101 3 kPa, Residue Hydrogen - /7 231

mnass ratlio)

1.000000 g
fﬂr
I

0.100000 /‘“ﬂ\ e e
CHA -~~~ ~ - !

C
P4 / . /
o \ r“ \‘\. '
S AN |
» \ -
4 t Y ) :
w Fco‘_“TT‘““?"“—‘—'L--~—4\+-‘~- .
Yy oS/ L
g 0.001000 \\“ / FEANE
= \ 4 / N ~ .
. v ' / s
- 'y 4
5 , \y /
E 0.000100F v /
z AN
z cer2 SN oon,
9 0.0000'0} g \\\‘ / '
f fN \
i Al \ |
0.00000! - - / e -
’ 0 1000 2000 3000 4000 5000 670

TEMPERATURE, ¥

Figure 3 2 Decomnosition of the CAIIET Reidue in an Arpon/Hydropon Plauma,
Nuasi-Equilibrium falceulations (Presqcure = 101 3 kPa, Residue -Hydropen Arpon

=7 23 1180 mass ratio)




™

e

26

1.000000

Ar —_— e —
Fracti of C in Solid Phase

0. 100000

0.010000

0.001000

0.000100

0.000010

CONCENTRATION. MOLE FRACTION

L bV n '

1500 2000 2500 3000 3500 4000 4500
TEMPERRTURE. K

0.000001 : :
0 500 1000

Figure 3.3 Decomposition of the CANMET Residue in an Argon/Hvdrogen Plasma,

Equilibrium Calculations (Pressure = 101 3 KkPa, Residue.Hvdrogen.Argon =
7 23:1:180 mass ratio)

1.0 l
LResmm - 5.78/1 "\, RES/HYD/ARG = 7.23/1/180 ‘
0.8 \
\ H \‘
I\ Y |
, A\ |
2 0.6¢ ! A |
7 ,' A \ |
L%J | ‘ \ |
8 0.4+t l l \ \‘
; \ o
; THERMOUTNAMIC '
\ witooY Y
0.2} AN *
RES/HYQ = 2.88/1 \
0 1000 2000 3Ca0 4000 5000 6000

TEMPERATURE., K

Figure 3.4 Conversion of Carbon in the Residue to C;H, and C,H 1n Hydregen

and Argon/Hydrogen Plasmas, Quasi-Equilibrium Calculations (Pressure = 101.3
kPa)

v 2258




27

between 1800 and 3300 K and this 1s quite insensitive to plasma composition
Finally, it 1s expected that the production of some toxic puanes will
exceed the safety limits For example the maximum allowed contamination of
air by HCN is & 7 ppm, by H,S is 50 ppm (peak) and by C,N, i< 10 ppm (Sttting
1985) The equilibrium calculations indicate that coucentrations of these
compounds in the exit gas during the experiments may be 100-1000 times
higher The exit gas must thus be either diluted or serubbed before berng,

exhausted to the atmosphere
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4.0 APPARATUS

The main components of the apparatus are a high frequency power supply,
an induction plasma torch, a single particle reactor system and a sampling

train (Figure 4 1).

4.1 Power Supply and Control Console

The induction power supply 1is a self contained radio frequency
oscillator. It rectifies 3 phase, 60 Hz power (575 V, 36 kW) into DC power
(also called plate power) and then converts it into 4 MHz AC uwhich is
delivered to the torch A Lepel High Frequency Laboratories model 32-30MC
was used. It is able to deliver plate powers of up to 30 kW The power
supply contains a grid control to match the oscillator circuit to the plasma
gas Munz (1974) gave a more detailed description of the power supply.

The gas flow rates were measured with (%2%) precision rotameters Those
were calibrated with a wet test meter betwsen 2 and 56 l/min and, 1if
necessary, below 2 1/min by a bubble meter. Argon and carbon dioxide
rotameters were calibrated directly with those gases but the hydrogen
rotameters were calibrated with helium and an appropriate correction for
molecular weight applied. The flow of argon delivered to the torch was
metered and controlled by a TAFA Model 47-10A control console; see Munz
(1974) for more details., Separate rotameters were added to regulate the
flow of hydrogen to the torch and to the argon tailflame as well as to
control the flow of argon which was used as a shroud gas in the reactor and
the flow of carbon dioxide which was required for the spectroscopy

measurements (Section 6 2)

4,2 Plasma Torch

The induction plasma torch used in this investigation was manufactured
by TAFA as model 56 (Figure 4.2). The plasma was sustained within the water
cooled quartz tube by the vortex stabilization technique. Argon which formed

the plasma was fed to the back of the torch through a gas distributor nozzle
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that allowed axial, radial and tangential directions of injection. Once the
torch was ignited, argon was delivered to the radial and tangential (swirl)

injection ports.
4 2.1 Operation with Hydrogen

Thorpe (1966) was able to sustain 70 % hydrogen flame at 52 1 kW plate
power in an induction plasma torch. Thorpe and Scammon (1968) reported the
operation with pure hydrogen at plate powers between 60 to 185 kW Analysis
of the thermal pinch effect (Thorpe and Scammon 1968) suggests that it
should be feasible to maintain a stable plasma of 10 % of hydrogen 1in argon
in TAFA model 56 torch at 30 kW and 4 MHz The experimental results (Thorpe
1966) indicate that 35 % hydrogen should be possible at 5 MHz or, after
adjusting for the lower frequency of the 32*30MC power supply, 29 % hydrogen
at 4 MHz.

A series of experiments was performed to evaluate the operation with
hydrogen which was added primarily into the radial but also into the axial
and in some instances into the tangential injection ports in the torch.
Stable operation was attained with maximum 32 % hydrogen in argon under the
following conditions. argon flow 32 1l/min, hydrogen flow 15 1/min, plate
current 4.2 4, and plate voltage 7 6 kV, this corresponds to almost 32 kW
plate power, slightly above the specifications of the power supply. However
the range of stable operation is not as broad as with pure argon which could
be maintained between 4 0 and 15 kW plate power (Figure 6.1 and 6.2) For
example, during the operation with 11 % hydrogen the flame extinguished
below 23.4 kW and the quartz tube fractured above 28.4 kW. For higher
concentrations of hydrogen the range of stable operating power was even
smaller,

In 1968 Thorpe noted that at hydrogen concentrations above 50 3%, the
convective and the conductive heat transfer from the plasma "on the quartz
tube became so high that the devitrification occurred after one or two
minutes of operation". The same difficulties were experienced during this
investigation with devitrification developing in between 2 and 20 minutes

of operation depending on the experimental conditions The cost of a single




quartz tube 1s more than $60

In principle.one may attempt to use a scpmented metal wall o1 to
operate the torch with the fireball surrounded by cold sheath gas  However,
substantial changes 1n the equipment would have becen required

Instead it was decided to inject hydrogen into the arpon tailflame 1 e
into the base of the torch below the coil. This had the advantage of
requiring only the addition of a few fittings to the equipment and extending,
the stable operation limits of the torch since now the hvdrogen bypasoed the
torch The concentration of hydrogen was limited by the ceitent of miaing
between the hot argon plasma tallflame and the cold injected hvdropen It
was determined by visual observartions and probe sampling (Section 4 3) that
up to 27 % hydrogen could be used while maintaining a masimu deviation of
local and mean hvdrogen concentrations of 5 & The injectinn ot 33 4 %
hydrogen gave deviation of 13 %. A second problem associated with tailfl.une
injection was the fact that the temperature of the plasma gas was decreaned
by the hydrogen addition.

Although an argon plasma can be sustained above « 0 VW the talflame
assumes a cone like shape only above 7 0 kW Between 4 0 and /7 0 kW an
inverted flame characterized by a relatively cold central part and hot flame
fringes (Figure 4 3) is formed If a crucible is placed 1norde such an
inverted cone, the gas temperature 1s poorly defincd

The above discussion 1s summarized 1n Fipure 4 3 ‘fost of  the
experiments were performed in "the preferred region of operation” that was

defined as 7 0 kW < Plate Pouwer < 14 0 M and 00 » <2, 00 6

4.3 Reactor and Auniliaries

The reactor (Fipare 4 ) 1rnitrallv designed by Broorogla ol
adapted for investigation of the plasma treatment of the (/2MET vesdae The
inner pars of the reacsor tanricated from o winple prooe of pow b hone.,
a reaction chamber and the crucible contatntnyy toaode Ont voat 0 come ey
and spectroLcopy weasuremrer T, were performed chronagn v dow oo 0 appet
3

section of the reaction charber The upper pas ot the powctor o, 0 08 o

1n 1nstde diemetver and 11 4 emotn bonech The dlaaer e cooald e o de creaned
,
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3 Operation with Argon Plasma and with Hydrogen Added to the




33

to 2.54 cm by adding a water cooled insert The lower part of the reactor
(2.54 cm in diameter and 5.08 cm in length) contains the reactor outlet (1 9
c¢m in diameter) and below that a cool stagnant region which accommodatoes the
crucible prior to reaction.

The molybdenum crucible (1.9 cm in length, 1 3 and 1 4 cm in inside and
outside diameters) was mounted on a 0 32 mm alumina rod which moved
vertically through a nylon male connector. The alumina rod wae placed
slightly off the reactor centre line to permit installation of the wuction
probe. During experiments the crucible remained within the plasma | lame, and
it was placed 7 8 cm below the torch co1l, this corresponds to 2 5 cm below
the torch exit

The reactor was connected to the torch by an uncooled wtainlean stecl
adaptor 6.3 mm thick. A water cooled flange was 1installed between the
reactor outlet and the heat exchanger. The heat exchanger (61 em 1n loength)

54 cm n drameter copper

was made from an outside brass tube and inside 2
tube with spiral fins supplied by Noranda Metal Industries Inec A water
cooled probe wdas placed inside the heat exchanger to tmprove cooliny (Fipure
4.1). The gas leaving the heat exchanger was diluted by more than 200 times

with air and exhausted to the fume hood:; thus a scrubber wa+. not necessary

4 4 Sampling and Collection Train

The gas samples were withdrawn from two locations, (1) from the eshaus
gas stream leaving the reactor and (2) from the roactor chamb r thyoupgh the
suction probe Since the suction probe could be moved vertieally the wamples
were taken at different positions but usually 9 5 em below the top of the
crucible The pgases were cooled cither 1naade the probe or by paaoing,
through 12 2 m of stainless steel tubing (with diamcter of 0 2 <m)
submerged in an 1ce-water mixture, if samplen were withdrown ot the reactor
outlet. After passing through a wmall condenser, devipned to trap wator and
liquid hvdrocarbon wvapours, the pas wan directod co the pag f1lter whern
200t particles were deposited (hrgare o,y

The gus strcam wao then pasced thronph a purp to 1roie ane 1t pree

Yo omavimun aof 1400 P oard

o carpling ports,
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rotameter to verify that the flow was constant, and was eirther o hausted

to the fume hood or collected 1n a plastic bag as an ntepral wampl

4.4,1 Suction Probe

The water cooled suction probe was designed to withdraw the hot pas
from the reactor chamber and quench it at a rate of at least 0 4+10% K/ to
reduce acetylene decomposition and at the same time to measure the gas inlet
temperature using a w-53Re/W-264Re thermocouple (Figure 4 ) The pas flow
rates through the probe were usually around 2?50 cm’/min The probe was
constructed of three cencentric stainless steel tubes with diameters of 1 6
mm, 3.2 mm and 6 4 mm and had a length of 60 cm Stainless steel was chosen
for its rigiditv and inertness The cooling water flow was 0 7 1/mn The
tip of the probe was not water-cooled and it was made of molybdenum  The
bare wire (0 13 mm 1in diomecer) thermocouple was passed throuph dlaming
thermocouple insulation and placed 1nuide the 1nncrmost tube  To miramise
the conduction losses from the thermocouple junction, the top I amn ot the

thermocouple wires was not insulaten

4 5 Experimental Procedure

Befor~ an erperimental run., approsimately 1 20 5 of the reardne wa,
packed in the crucible and melted to eliminate trapped air The amount ot
the residue was determined by taring the cmpty erucible Normallw the onp i
of the residue weighed 1 210 + 0 017 5 and 1ty mass was 1enol sod with oo
precision of 0O 0001 p

The crucible was mounted on the aluming wupport rvod and placed o the
lower part of the reactor below the pas coat A rerifred foom g fow "hibank "
caperiments the temperature 1n thio part of the re ctor roaebod ahoat 1o 70
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care was taken to ensure that there were no gas leaks from the exhaust line
and that the fume hood was in operation., The reactor was purged with argon
to remove any residual oxygen (for 5 minutes and by injecting 150 1 of
argon) .

After the power supply was allowed to heat up fcr 25 minutes the plasma
was initiated, and the discharge was stabilized by adjusting the grid
setting and the argon flow. The plate power was adjusted as required
(Section 6.1). Extra argon was added through the reactor window shroud to
prevent the deposition of soot. A specified amount of hydrogen was injected
into the argon tailflame. At this point, the alumina rod supporting the
crucible was moved up and a stopwatch was started. Gas samples were taken
in 1 ml syringes every 3 to 15 seconds depending on the operational
conditions. The syringes were fitted with locks to minimize the diffusion
of gas. After 2 to 4 minutes the torch was turned off, the argon and
hydrogen flows were stopped and the crucible was allowed to cool.

Immediately following an experimental run the composition of gas
samples was determined on the gas chromatograph. The unreacted residue was
removed from the reactor, separated into an upper and lower part, weighed,

ground and prepared for further analysis. Soot samples were also taken.

4 6 Gas Analysis

Mixtures of permanent gases (H,, CO,, Ar/0,, Np, CO) and hydrocarbens
(CH,, C,Hg, C;H,, C;H,;) were separated isothermally using a two column system
which consisted of a Porapak N followed by a Molecular Sieve 5A column. The
Molecular Sieve 5A column (pore size 5 A) can be used to separate hydrogen,
argon/oxygen, nitrogen, methane and carbon monoxide (argon and oxvgen can
only be separated at sub-ambient temperatures or by using a very long
column) However carbon dioxide, ethane, ethylene and acetylene are absorbed
by the Molecular Sieve 54 column. Porapak N is specifically recommended for
separation of ethylene and acetylene (other such as Chromosorb 107 and
Chromosorb 108 provide less adequate separation). Thus the Porapak N
followed by the Molecular Sieve 5A were found to give satisfactory

separation. Their lengths and diameters (1.98 m and O 32 cm for Porapak N,
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2.74 m and 0.32 cm for Molecular Sieve 5A) were determined by trial and
error.

The thermal conductivity detector (TCD) was used for the quantitative
determination of the gas concentration. The detector was sensitive enough
to determine concentrations of hydrocarbons in argon with a precision of 100
ppm. The carrier gas used was a mixture of 8.5 % hydrogen in helium  With
this carrier gas the detector response to hydrogen in the analysed sample
is always negative Therefore in this investigation, the sipnal from the vas
chromatograph which corresponded to the hydrogen peak was i1nverted before
being fed 1into the Hewlett-Packard integrator The  inversion  was
accomplished by switching the polarity of the cables that connected the pas
chromatograph with the integrator

The gas separation was performed 1n the Fisher Cas Partitioner 17200
that could be operated isothermally at ambient or higher than ambient
temperatures Initially 1t was provided with a Dual ‘Thermal Conductivity
Detector The carrier gas flowed through the refercence sirdea of the firase
and second TCDs, injection port and the Porapak N column (Figure 4 610 €O,
C,H, and C,H, were determined on the first TCD and subscquently abusorbed on
the Molecular Sieve 5A column. The remainirg fined gases and methane were
separated in the Molecular Sieve 5A column and were rcsolved on the Lecond
TCD. The output from both detectors was directed to the same 1nteprato
often resulting in overlapping of peaks or, 1t this was woredod, 10 o lTong,
recention time for acetylene

Figure 4 7 depicts changes made to the standard confiprraiion of the
gas chromatograph These 1nclude installation of the o1 port alee with
restrictor 1n the series-by-pass configuration  After pouangy throuarh the
reference sides of both detevctors, the carvier pan procecds thouth the
first TCD (which 1s not nsed), the 1njection port and 1t entery the Porapak

[y

N column Ay svon as hvdrogen moves throush both colue o rcaching the
detector and the fixed pases and methane lease the Poronas ™ oo wmmn cntering,
the Molecular S:eve A column, the w14 jport walve 1 awitohed e the
hvdrocarbon- are allowed to elute trom the Porapar v calumn bvpasing the
Molecular Sieve L5 column A{ter gcetvlene 1o detictod on the Tehthe salve

1s switched again and the pasen trapped wn the Moleoalar Sre o Wa colnm
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Figure 4.8 Elution Order Using Series-By-Pass Configuration (Parameters.
1.98 m Porapak N, 2.74 m Molecular Sieve 5A, Temperature 80 °C, 0.5 ml
Injection, 8.5 % Hydrogen/Helium Carrier Gas at 26 cm®/min)
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such as argon together with oxygen, nitrogen, methane and carbon monoxide
elute.

An example of a gas chromatogram obtained by injecting 0 5 wl of the
calibration mixture is given in Figure 4.8. The gaces clute in the tollowing
order. the concentration (in %) and the elution time (1n min ) are pglven in
brackets H, (24 788, 1.97), €O, (O 102, 3.02), C,H, (O 4na, 3 77), C,H,
(0 027, 4.30). CoH, (1 404, 5 56), Ar (70 409, 6 28>, N, (0 568, 8§ 54), CH,
(2 040, 10.68) and CO (0 198, 15.53) Nitrogen was net present an the
reactor but was seen on gas chromatograms due to the air ditfusion jnto the
syringes. Consequently, it was 1included in the calibration Onygen could not
be separated from argon and its percentage was estimated from the mitropen

content The elution time of carbon monoxide was lonpg hut 1t could not be

decreased due to the isothermal operation of the gas partitioner
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5.0 ANALYSTIS OF THE CANMET RESIDUE

The CANMET residue is the pitch 1like substance remaining after the
vacuum distillation of the product obtained from the coprocessing of coals
and bitumens or petroleum resids in the CANMET process. As reported by
Rahimi et al. (1989), the most recent feedstocks to the CANMET process were
Forestburg coal and Cold Lake vacuum bottoms whose compositions are given
in Table 5.1. Slurry products from the CANMET process are distilled up to
525 °C yielding C,-C, gases, naphtha, light and heavy gas o1l as well as the
residues which in this investigation are denoted as the CANMET residue

The residue starts to flow at 160 °C and it may be pumped at 230 °C.
At this temperature its viscosity is estimated to be 1200 mPa s. Prior to
the analysis the residue was homogenized by heating (to above 200 °C) in an
oil bath and stirring Precautions were taken to conform with ASTM D 140-
70 Standard Method for Sampling Bituminous Materials in order to obtain a
sample which represented an average composition of the residue Because of
the limited amount of the available residue the sample size was 2-3 g.

The elemental analysis of the residue was performed on the Control
Equipment Corporation (CEC) elemental analyzer model 240-XA. Normally the
samples of 1-3 mg were weighed with the accuracy of 100 ng Analysis of
samples with a small hvdrogen content required sample weights of more than
3 7 mg (Section 7 2.4.4) In the C-H-N mode of the analyzer, the sample was
combusted and then reduced to convert oxides of nitrogen to molecular
nitrogen. The gases were passed through a series of thermal conductivity
detectors for H, C, N which were 1solated by appropriate traps For ouygen
and sulphur separate runs with different apparatus configurations wvere
carried out. Because the residue contains metals which mav remove oxygen
from the sample, the oxygen analysis should only be considered an
approximation The analvsis of sulphur includes the sulphur content in both
organic and inorgamc parts of the residue According to the manufacturer
of the 240-XA elemental analyzer errors associated with the method could be
estimated as follows® ervor (%) = £(0.15 % absolute + 0 CO1l5 + (reading
in %) + error due to weighing in %). Wich the exception of oxvgen, the error

in elemental analysis is less than 0.30 %. The results are presented in

ER 1 |
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Table 5.1.

Table 5.1 Elemental Compositions of the CANMET Residue and the Feedstocls
to the CANMET Process

element CANMET residue | Forestburg coal’ Cold Lake vacuun’
(%) (%) bottoms (%)

Carbon 7471} 64 04 83 34

Hydrogen 6.60! 3 87 9 6y

Sulphur 3,431 0.53 5 84

Nitrogen 1.18! 1.65 0 4y

Oxygen 4.10 20 41° 0 68

Ash 9 68° 9 50 -

© CEC model 240-XA elemental analyzer

¢ Ashed at 775 °C to constant mass

> From Rahimi et al. (1989)

4

By difference

The elemental abundances in the CANMET residue are determined hyv o the
elemental composition of the Forestburg coal and the Cold lake  wvacuwum
bottoms. Sulphur, nitrogen and oxygen are preferentirally retained in hipgher
boiling fractions from the CANMET process and 1n the remaining residue
(Rahimi et al. 1989) The C/H ratio of the residue O ") 19 between thone
of Forestburg coal (1.37) and the Cnld Lake vactnmn bottoms (0770 I
corresponds to the C/H ratio of hydrocarbons that distil between J09 and
525 °C, are soluble in methyl-tert-butyl ether and arc¢ ctnaracterised by huph
aromaticity and high nitrogen content; Ralumi et 4/  (1989) denoted thoos
compounds as Polars 1 Thus 1t appears that the organice part of the CALNR]
residue contains a highly condensed aromatic otructmre  Thio conald te
corroborated further by investigating the soiabil, o of tia vonadae an
different solvents

The ASTA D 2042-81 Standard Test Method whioeh de sovabe o the ooyl
of asphalt materials 1n trichloreethvlene may; aluo be applied * o orho
solvents Using this technigque, the solubiliroe ol e o oebae oo toand
to be 721, 63 3 and 46 2 % 1n tenrahvdrofaran C1HD tolver e aod et
respectivelv, THF is a powerful solvwent taor v wrete oy ond ooehe s e

natural materiale Mellan 1¢//) Tt diaolves vor ol e oo, rewcdn
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and aromatic hydrocarbons (as pentane) but also dissolves heterocyclic
aromatic compounds more efficiently than does toluene. Moreover the
aromaticity of toluene solubles is higher than pentane solubles and smaller
than THF solubles. As reported by Rahimi et al. (1989) solubility of the
Cold Lake vacuum bottoms in pentane was 76.2 % Therefore,the structure of
the CANMET vacuum residue is more aromatic than the structure of the Cold
Lake vacuum bottoms, especially since there is a substantial difference in
the solubility of the residue in pentane and in toluene In fact.the CANMET
residue can even be more aromatic than the original coal since simple
aliphatic and alicyclic hydrocarbons elute first during the distillation.
Moreover 8.8 % of the residue is soluble 1n THF but not in toluene and about
15 %3 of the organic part of the residue is not THF soluble at all Again
this indicates that the residue contains high proportion of condensed and
complex aromatic hydrocarbons which incurporate nitrogen, sulphur and oxygen
in their structure,

The amount of ash in the residue was determined according to the ASTM
D 482-80 Standard Test Method for Ash from Petroleum Products. A 2 g sample
was placed in a crucible and ashed in a furnace at 775 °C to constant mass
(30 S mg). The ashing of THF insolubles yielded 34 57 % asn, 1. 9 65 4 on
the basis of the original residue This may be compared with 9.68 3 from
Table 5 1 te show small error :in those results

If the residue is ashed at 1000 °C for a few hours te a4 coastant mass
all metal oxides are transformed to their highest and known levels of
oxidation Table 5 2 cshows the analysis of the ashed CANMET residue
performed by the X-ray fluorescence (XRF) in the Devpartment of Geological
Sciences at McGill University.

Rahimi et al (1989) report that the Cold Lake vacuum bottoms contain

V (235 ppm), Ni (93 ppm) and Fe (18 ppm). Although the presence of some
metals 1s beneficial 1n the  hydrogenation process since they act as
catalysts (e.g. nickel, vanadium, iron sulphate and chromium oxide) the
assembly of the inorganic compounds in the residue has an overall negative

effect on the conversion of the residue to wcetylene in the plasma.
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Table 5 2 Results from the XRF Analvsis of the Ashed CANMELT Resiidue

Compound Content
Sio, 36.99%
Fe,0, 22.57%
Al.C, 18 42%
Ca0 15 57%
MgO 3 523
Na-0 0 h5%
TiO, 0 47%
K,0 0 29%
MnO 0 17%
v 5302 ppm
Ni 3852 ppm
Bao® 5512 ppm
P,0s 960 ppm
Cr,0,4 622 ppm

(ppm = mass fraction « 107

It may expected that the mineral part of the coal and the catalvat
would undergo small transtormations during hydrog nation by the CANMET
process These 1include mainlvy pvrite converting ro pvrrhotite and pousible
some dehvdration However, most minerals and the catalyst (rron oulphates
remain essentiallv unchanged (Russell and Rimmcr 179770 and henee tlo acoar
in the residue [t should be ewphasiccd  that  the amount of  the hiyh
temperature ash 1s less than the amount of the snorganie part an th
residue  Thus the amount of hvdrocarbons in the roopdae clar condd be
decomposed 1n plaswa 1s less than derived from the carbon and hvdiopen
content in Table 5 1 In addition,the mineralopy of the orveriral ol and

the residue 1s moeh dirferent from th mineralos. of Y

Some similar transtormations cocarring daringy sttty o) o orour
initially during plasma decomposttion of the reqaidie 0 abonat oy will
gecomrpose with the loeos of Lo, clave will v Teane water and aalphaten will
decoppose releasing SO, Frentuall s, in toe hodrogor plaaea not b o rdey
will be reduced to mertals Ly carbon cfrom the ronrdues and bodroson oy om
the plasma, leadiry to the release of oy oand B 8 lanna conditions

carboi, dintde wils 1o srareformed o carhan gono e o b Lo sl g
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produce H,S and water vapour will react with carbon releasing hydrogen. All
these processes will have a significant but detrimental influence on the
production of acetylene.

To gain further insight into the mineralogical content of the residue
the X-ray powder diffraction (XRD) study was performed. The mineral content
of the residue was concentrated by dissolving a significant percentage of
the organic part of the residue in THF. Subsequently. a small amount (below
0 1 g) of the THF insolubles was placed in a low temperature asher (LTA) for
more than 50 hours at 100 W net RF power and 100 cm®/min of oxygen flow LTA
uses a low pressure (1-3 torr) radio frequency (RF) discharge to excite and
ionize oxygen atoms which have temperature (1 e heavy particles
temperature) of around 150 °C (Jenkins and Walker 1978). In principle, only
small changes in the mineralogical composition may take place during
oxidation in the LTA at the mentioned above operational conditions For
example pyrite could be oxidized to hematite or gvpsum may be dehydrated
to hemihvdrate Removal of the carbonaceous material is a surface phenomenon
thus a sample should be stirred. The complex aromatic structure of the THF
insolubles resulted in a slow rate of oxidation.

The oxidized sample was deposited on a silver membrane in the special
vacuum equlpment: due to the low oxidizing rates 1n LTA it was impractical
to collect sufficient amount of samples to use regular powder mounts Some
amorphous carbonaceous material was not removed in LTA which resulted in
high background as seen in Figure 7.4 a. The analysis was performed on the
Phillips PW 1710 diffractometer using nickel filtered CuK, radiation
generated at 40 kY and 20 mA The diffractometer was connected to a PDP 11
computer. Among the minerals present trigonal quartz was the easiest to
identify and gypsum, anhydrite, hemithydrate (bassanite) and hematite were
also seen. It 1s possible that hematite, anhydrite and to a certain extent
bassanite are artifacts from the plasma ashing in LTA. Other iron minerals,
such as siderite, pyrite and 1ivon sulphate can be identified only with
difficulty. In general carbonates (dolomite, calcite, ankerite) are possible
but could not pe definitely identified Similar conciusions may be drawn for
feldspar (orthoclase, albite) and clav (kaolinite, illite) minerals (Figure

7 4 a). Jenkins and Walker (1978) listed minerals commonly found in coals.
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6.0 TEMPERATURE MEASUREMENTS

6 1 Calorimetry

The mean exit temperature of the plasma stream at the torch nozzle, as
well as the joint torch and the power supply efficiency may be conveniently
determined from calorimetric experiments The calorimetric system consisted
of the reactor, the heat exchanger and the water cooled tflange between them,
all connected 1n series To avoid heat losses, the calorimeter was
insulated, and an asbestos gasket was placed between the reactor and the
torch

K type thermocouples, with a digital meter having a precision of 0.1
K, were used to determine water iniet and outlet temperatures and the cold
gas exhaust temperacure (see section 6.4). The argon and the water flow
rates were measured by high precision (*2% of the full scale) rotamecters.
The thermocouples were connected to a strip chart recorder to verify the
existence of steady state conditions Normally, steady state was attained
within six to ten minutes depending on the flow of the cooling water To
raduce errors associated with the temperature mecasurements the water flow
rate was maintained at around 1.3 1l/min This corvresponded to the minimum
temperature gain of 10 K for the cooling water in the calorimeter  The
exhaust gas temperatures were between 7 and 10 °C
The power removed by the cooling water was obtained from the
dif ference in the enthalpies of water entering and leaving the calorimeter.
The mean exit temperature of the plasma was computed from heat capacities
prepared by Lesinski and Boulos (1978)

The following irdependent variibles determine the taaperature of the
exit gas and the joint efficiency of the torch and the power supply (1)
nozzle diameter, (2) arzon fiow rate and the mode of its injection - asial
or tangential, (2) number of coil turns, (4) prid <etting, and especially
(5) plate power The grid setting regitlates the coupling of enerpgy between
the co1l and the plasma gas thereas the plate pover 14 the product of the
plate current and the plate voltare delivered tron the power supplv  The

effect of the noazle diameter o'l arpon tlow ate, tor the  ame
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apparatus, were investigated by cther researchers (Munz 1974, Biceroglu
1978). In this study. the nozzle diameter was maintained at 2.54 cm, the
argon flow rate was set at 58.03 g/min with 35.9 % of it injected axially,
the grid setting was kept at 20.25. The optimum number of coil turns is four
for monatomic and five for diatomic gases; however operating with hydrogen
requires six turns. Hence, to avoid taking apart the torch frequently the
experiments were performed with six coil turns.

The effect of the plate power on torch efficiency is illustrated in
Figures 6 1 and 6.2. At powers below 4 kW the flame could nct be sustained
and above 15 kW the fireball increased in size resulting in breaking of the
quartz tube which confined the flame. Increases in radiation and conduction
losses from the fireball, at high power, are blamed for the decrease in
torch efficiency This effect may be also seen in Figures 6.1 and 6.3 - the
power removed by the cooling water and the temperature of the exit gas tend
to level off as a function of the plate power. In order to start the
discharge, the quartz tube was 1initially coated with 2 gold paint. The
freshly baked layer of gold increased the losses, probably due to the direct
coupling of RF energy to the gold coating. This effect was negligible after
approxXimately 20 runs (Figure 6.1).

The mean exit argon temperature was best fitted with the second degree

lecast squares polynomial:
T=bs+ PP+ c « PP? (6.1)

where T is temperature in K, PP denotes plate power in kW, b is 570.7 £ 6.2,
c is -18.18 * 0 56 and R* is 0.994.

Hydrogen could be either injected to the torch cr added to the argor
tailflame. The effect of the latter was computed by heat balances and is
shown in Figure 6.3. The heat capacity of hydrogen was taken from the JANAF
Thermochemical Tables (1971) For example, the addition of up to 20% of cold

hydrogen would decrease the argon flame temperature by 1100 K at 11 8 kW.
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6.2 Spectroscopy

A direct and a non-intrusive method to measure the local temperature
in the plasma is to look at the intensity of the radiation coming out at
specific wavelengths This was used to confirm the calculated temperature
from the calorimetric experiments. Many different spectroscopic methods
vield temperature, however, they all involve the assumption of the
thermodynamic equilibrium between the particles (atoms, ions, molecules,
electrons) giving rise to radiation For example, if one uses the intensity
of a line emitted from an excited argon atom, calculation of temperature

using this intensity involves the assumption that the "electron gas" and the
"argon atom gas" 1n the plasma are in equilibrium with respect to collisions
and have the same temperature This corresponds to local thermodynamic
equilibrium (LTE) At the temperatures and electron number density we are
dealing with here (T < 6000 K), the plasma is generally not in LTE because
radiation becomes an important energy exchange mechanism as compared with
collisions within the plasma However, we can consider the heavy particles
(atoms, ions, molecules) to be in equilibrium at a temperature Tg that 1s
different from the electron temperature Te (usually Tg < Te) Departures
from LTE have only small effects oun the plasma enthalpy but may be
significant 1n spectroscoplc nmeasurements (Boulos ot al 1980

Because of this behaviour, two types of spectroscopic measurcment are
made to chdracterize the state of our plasma. The temperature of the heavy
particles is the most important one to measure because they are the main
source of energy transfer. Thi, temperature will bu deduced from the
rotational emission spectra of the C. molecule around 516 5 mm Althouph 1t
1s recognised as a difficult measurement because of the high wavelength
resolution required and the complex nature of molecular bands, 1L 14 the
bast method to obtain a meaningful temperature which can be compared to the
calorimetric experiments. Furthermore 1t 1s only linked o heavy particle
behaviour and is not affected hv LTE consideration

The second diagnosctic i. to evaluate the electron muber density
profile using thc half width ot the HJ line (484 137 nm)  This measurement

also does not depend on W70 dL,suaptions and vicveen 1 truace value of  the
)
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electron density profile whatever the type of equilibrium in the plasma. Two
important types of information are deduced from the profile. Firstly, its
shape will show homogeneity of the plasma in the neighbourhood of the
crucible. Secondly, the density can be compared to the theoretical density
needed to have LTE in the plasma.

All the spectroscopic measurements were taken at the maximum plate
current of 3.0 A and the coinciding voltage of 4.8 kV. This corresponded to
the plate power of 14.4 kW and the average flame temperature of 4450 K as
determined from calorimetry. The flow of argon was maintained at 20.81 g/min
(11.7 1/min) to the axial and 37.22 g/min (20.8 1l/min) to the tangential
injection ports in the torch,

The spectroscopic system was based on a one metexr focal length Jobin-
Yvon THR 1000 grating monochromator with a 1800 groves/mm grating Light
from the plasma was collected by a lens with optical aperture of f£/4 and
brought to the monochromator by an optical fibre. A photomultiplier was used
to record the light intensity. The resolution of the monochromator was
0.005 nm.

All measurements were performed through the circular reactor window
with a radius of 1.27 cm and located centrally 7.5 cm below the torch coil
The reactor radius was 2.54 cm. Horizontal and wvertical profiles were taken
across the window. The crucible, which was 1.9 cm long and 1.4 cm in
diameter, was located 7.8 cm below the torch coil. It follows that the
horizonal profiles of the temperature and the electron density were taken

at the level of the middle line of the crucible.
6.2.1 Temperature Measurements

C, molecules are normally present during plasma decomposition of
hydrocarbons as opposed to N, or N, which are often used for rotational
temperature measurements. Moreover, the overlapping of C, bands with spectra
emitted by other hydrocarbon radicals or by argon is negligible (Winkelmann
et al. 1977). The 516.5 C, band (Swan band) will thus be used along with the
spectroscopic data of Czernichowski (1987) and Czernichowski et al. (1987)

This method could be used to determine gas temperature in a continuous




B

51

reactor. In this study however, small amcunts of carbon dioxide (less than
l$ of the total flow) were mixed with argon before entering the torch to
simulate the hydrocarbons and to generate the C; molecule. No residue was
treated during these measurements.

The intensity of a spectral line at a given wavelength from a
transition between upper energy level p to lower q per unit volume of the

plasma unit solid angle and time is given by.

hec
Il=-+—— - Np(T) ~ A
Geme)

P (6-2)

where Np(T) is the population density of the species in the excited upper
level p, A,y is the probability of the transition (in s 1) and hec/beme) 15
the energy of the emitted photons. Knowing the total density N(T) of the
atoms, the population density in the different luvels at equilibrium at
temperature T can be obtained using the Boltzmann density distribution

equation;

N(T) E,
Np(T) = e———— s gp + exp (-
2(T) ke T

) (6-3)

where E, is the energy of the upper excited state, k is the Boltzmann
constant, Z(T) is the partition function and Zp denotes the statistical
weight of level p The partition function is a normalization function
obtained by summing up the Boltzmann factor for all bounded levels of the
atom. Taking the logarithm of (6.2) and substituting (6 3) one obtains,

the equation for the Boltzmann plat,

In (4r — ) = « ———— } C (6-4)

where S = Bp * Apg ° tum and  C = In( (T)/Z(7) ) = constant  The «lope

wl

of the line 1n (I/5, 1o a function of E  and thus vicldn the tenperature

Figure o 4 shows an ciample of the rotationai band of the €, molecule
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measured at 7 mm from the central axis of the flame and 8 8§ cm below the
coil Each peak numbered on this curve corresponds to one upper level E ,
its area is reported on a Boltzmann plot An example of a Boltzmann plot 1is
ziven in Figure 6.5 for r=6.4 mm from the mid point of the window and 8 8
cm below the coil The slope of the least squares line yielded a temperature
of 5000 £ 210 K

The horizontal temperature profile deduced from these spectra 1is
presented in Figure 6 6 The Abel inversion is a mathematical operation uscd
to correcc 1ntensity measurements along a line of sight i1n the plasma into
local emissivity measurement. It thus yields the true value of local
temperatures however with a larger associated error Since the intensity
profile 15 relatively flat the abel 1nversion does not wvield significantly
different results.

The flat profile in the centre part ot the reactor -ndicates that the
crucible is exposed to a constant temperature profile Since the reola
fringes of the plasma lie outside of the view of the reactor window the
average temperature calculated from the calorimetric measurements (Figure

.2) is lower than determined from the spectroscopic experiments

6 2.2 Electron Density Measurements

Electric fields existing in the plasma have the effent of widening the
spectral lines emitted by the atoms (Stark effect) These fields are
generated bv the charged particles (electrons, ions) and are proportional
to their number density Measurement of the line proadening thus vields the
electron nurber density n,. One rcan note that this line width measurement
is independent of the line intensity and hence it does not depend on the
assumption or LTE Griem (1964) calculated the proportionality coefficients
hetween the alectron density and the width (w”:) of hvdrogen lines measured

at half of the maximum amplitude;
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with ¢ being a weak funztion of n, and T. The coefficient c(n,,T),
corresponding to the experimental conditions, was taken as
c(n, = 10%em™@, T = SO00K) = 3.84.10* A3/2 cp3 As in the case of C,
rotational temperature the measurements were performed on the argon plasma.
A very small amount of hydrogen (less than 0 5 %) was added to argon tail
flame to ensure an insignificant change in thermal conductivity of the
plasma gas The thermal conductivity of hydrogen is approximately ten times
higher than the thermal conductivity of argon thus more energy is removed
by the cooling water 1in the torch for an argon/hydrogen than for a pure
argon plasma This results in changes in the temperature and in the electron
density

Because of the relativelyv flat profile, and the large error associated
with the Abel inversion, no inversion was made for this measurement Figure
6 7 shows that 1in this investigation the ~lectron density in the centre of
the argon flame ¢ 0 O < r = 1 0 cm) remains approximately constant and equal
to 1 2:10% cm™® Again, this indicates that there should be no significant
radial thermal gradients in the case of the ar; n flame The electrcn
density profile along the vertical diameter of the window is presented 1in

Table 6.1.

Table 6 1 Vertical Centre Line Profile of Electron Density

Position below the top Electron density (cm™)

of the window (cm)

|
|

0 27 ) 1 9u-10%
: 1 80.10%
:
i

1 54+10°"

Experimental criteria imply that in order to have LTE tihe electron density
must be larger than 10 em™3 (Boffa exr a2l 1971, Lochte-Holtgreven 1968,
Ilick er al 1934) The reported above measurements show that n, stays far
below this value, hence the electron temperature 1s nct in equilibrium with

the heavy particles temperature in the volume of interest This implies that



3.x10'4 r T e

T

———
Y
_,ﬂw
I/_ -
/

1oxip

Electron Jens: ty. no./cm~3

_._,_._

3.x103 ‘ .

it e SIS WY G S - A —d

GO C.1 02 0.3 0.4 0.5 06 0.7 08 08 10 11 12

Non-Oimensioral Jistence. rsR

Frgure 6 7 Tae Horizontal Electron Densitv Profile trom hg Hvdrosen Line
without Abel Irversion (Plasma Parameters Plate Power - 14 4 ka, Arpon Flow
= 20 81 g/mn Axial and 37 22 g/min Swirl, Location = & 3 cm below Corl and
O0cecm<r=<1l3 cm

2000

|
|
1800 O From Thermocoup e
t
1800 -
0 A From Cooling Curve !
1700 F o
«© ) .
o O From Pyrcmete o
g 1630+ J ’ -0
- o .-
3 . ay
8]500‘ o- = 8.
5 B P
1 - - A
€ 400 “:1’ /'{L "0
r—-m i 7 6 /'5>
! 37 . =
3o~ - &
- -d A/
}ZGUI" A /O
—
1iC0*+ ,
1CCOI A e T CTVLD VNSNS G SR S

6 7 8 g9 0 i 12 13 4 15
Plote Power, <4
Fogure 6 8 True ond Apparine Surtace Teaperattre, of the Carbon Gvlinder
snan Arpon Plasma Jet (Prasma Parameters aryon flos = 20 & p/min Axial
and 37 22 g/min Swairl,




#5

56

the heavy particles temperature had to be derived from an independent

measurement

6 3 Pyrometry

In static systems, the temperature of the plasma gas 1s normally higher
than the temperature of a reacting particle For the steadv state conditions
the heat transferred to a crucible by convection 1s removed by radiation o
the cold reactor walls by conduction through the crucible support and 1s
consumed during the endothermic reaction. This 1s especially important in
the case of a plasma jet impinging on a crucible filled with hydrocarbons
I[f the cracking temperature of hydrocarbons inside a crucible 1is
substantially below the gas temperature the yield of acetylens may be
affected. The cracking temperature could be approximated from the non-
contact determination of the radiation emitted by the crucible walls

There are three tvpes of radiation measuring instrumencs (DeWitt ond
albright 1986) (1) total radiation pyrometer, (2) single-colour, optical
or brightness pyrometer, and (3) two-colour also called two wavelength or
ratio pyviometer (Themelis and Gauvin 1962) In short, total radiation and
optical pyrometers requlire accurate values of total or spectral emissivities
wnich may not he known with the adeguate precision In addition. their
performance is highly dependent on the size of a target and on the viewlng
conditlons, as for evample transmittance of the reactor window 1In contrast,
two-colour pvrometer does not demand the knowledge of the absolute values
of spectral emissivities at the two selected wavelengths ilowever, it should
be verified that the ratio of those emissivities i3 approximately unity or,
in other words, that a targat evhibits grey bodv characteristics.

In view of the above arguments the Ratio-Scope 8 two-colour pyrometer
vas used., The instrument was fabricated by Capintec Instruments and it was
calibrated by the manufacturer between 1073 and 2273 K Its response time
was 0 3 s and 1t measured the i1ntensitv of radiation emitted i1n narrow bands
around two wavelengths U d3 pum and 0.78 um. Close-up lenses were mounted
on tne objective for small target measurements In experiments described in

this chapter the pvrometer was focused on the central part of the crucible
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Radio frequency interference was experienced between the magnetic field
generated by the torch coil and the pyrometer which included the sensing
head, the control readout unit and the connecting cable. Although Ratio-
Scope 8 could be operated with no protection, the interference was severe
with another two-colour pyrometer which was initially employed in the study.
Since it was not feasible to remove the source of interference nor to
ceflect electromagnetic interference (EMI) field, two shielding aluminum
bones were bulrlt to enclose the head and the readout unit  In theorv. the
boxes, often called Faraday cages, shculd not contain any gaps which would
permit leakage of the external field (Breed 1986) As proven by Gauss. no
electromagnetic radiation passes through an enclosure made out of a perfoct
conductor (Gomez 1Y88) In practice, however, there must be an openinp, for
the cbjective lens and ancther for the digital readout The problem 1s
somewhat alleviated by grounding. The braided copper strap. as suggested

bv Breed (1986), was used to diminish the 1mpedance of

the  prounding
connection at high trequencies The cable between the sensiny, head and the
readout unit was also prutected by a braided copper shield and prounded on
both sides. Grounding on only one side resulted in poorer shielding, this
conclusion was also reached by Rivenburg and Juba (1986)

In general, when a pyrometer is focused on a targe: 1t measures the
incident flu< density H(A,T), which consists of the cmission from the target
surface, radiation from the plasma gas and radiat:ion from the surroundings

reflected from the target surface, where A denotes wavelength and [ 1s the

absolute temperature

H(A,T) = H (A, T) + H_(A,T) + He (A, T) (b 6)

In plasma swvstems, contributions from the last two terms mav never be
reglected To ver:ify temperature readings taken bv the pyrometer, a black
bodv hole was drilled in a graphite cylinder and an W-5iRe/W-26%Re
thermocouple (described 1n the next section) was Llnserted inside 1t The
cylinder diameter and 1ts length were identical to the actual molybdenum
crucible. Once the plasma was entinguished the pyrometric cooling curve was

recorded and tne surface temperature was obtained by e-ttrapolation of
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temperatures to time "zero" on the semi-log paper. This is illustrated in
Figure 6.8 The temperatures measured from the cooling curves and by the
thermocouple agree to within 3 %. The accuracy of the pyrometer was 1.5 %
of the true temperature. The effect of radiation from the plasma gas may be
reduced by selection of different wavelengths to avoid argon spectral lines.
However for the system of reacting hydrocarbons it is virtually impessible
to avoid the radiation from the plasma gas. As a matter of fact, the
radiation from the soot, carried by the plasma gas, 1s so 1ntense that the
surface temperature of the crucible could not be measured during the
reaction.

It should be added that a difference of up to 100 K was observed
between the top and the bottom of the graphite cylinder

Once the amount of the volatile hydrocarbons in the crucible is
depleted, the temperature of the crucible increases until it reaches the
steady state According to Touloukian and Dewitt {(1970-1972) the spectral
emissivity of carbon, which is a grey body, 1s around O 8 sherzas that of
molybdenum 1s between O 07 and 0 65 depending on wavelength Thus the steacy
state temperature will be higher for the clean molybdenum crucible (because
its emissivity 1s lower) than for a crucible with a layer of soot deposited
on 1t during the reaction (since its emissivity is higher) Unfortunately
this degree of "dirtiness" was not a reproducible function of the
operational conditions Nevertheless, it may be concluded that the highest,
temperature would be achieved for the clean molybdenum crucible and the
lowest temperature for a crucible completely coated with soot Such a
"dirty" crucible may be approximated by a graphite cylinder It follows from
Figure 6.9 that for experiments in a hydrogen/argon plasma the maximum
temperature rav va' ’ by up to 300 K, at the same operational conditions,
depending on the amount of soot coating on the crucible walls For the
reasons that will soon become apparent, the temperatures were measured by
thermocouples rather than from the cooling curves

It may be recalled from Figure 4.8 that due to the constant spectral
emissivity of graphite, the temperatures measured by the thermocouple and
by the pyrometrically determined cooling curves, were essentially the same

A similar cenclusion may not be drawn for molybdenum For retals the
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emissivity at a smaller wavelength (e;) is higher than emissivity at a
larger wavelength (e,) (Heimann and Mester 1975) Therefore a two-colour
pyrometer tends to overestimate the temperature of a metal surface At time
"zero" when plasma is extinguished, both H (A, T) ard He (A, T) disappear
(Equation 6.6), it follows from the Wien's law that (Wien's law is an

approximation to Planck’s law for AT < 0 3 cm K),

E(A,T) =¢; » A%« exp ( - ——— ) (6 7)

where E(A,T) is the monochromatic emissive power of a black body, ¢, and c,
are constants, c,=3 74154107 W m® and c¢,=1.4388:10°% m K. Further, taking
the ratios of intensities at the two selected wavelengths it is possible to

write,

e. » E(A,,T,) E(A.,T,)
_ _ (6 8)
e, + E(Y\,.T.) E(),,T,)

where T, and T, denote respectively true and apparent temperatures

Substituting (6 7) 1into (6 8) and after some algebraic manipulation one

obtains,
1 1 1 e; 1 1 1
To=(— - =)+ [ — 1o (=) +—+ (— - —) |7
A, Ay ¢ e, T, Ay Ay
(6.9)
It is easy tc see that for a grey body, when e, =-e, T, =T, Figure 6.10

presents the difference between true and apparent temperatures for different
ratios of emissivities computed from equation 6 9, X, and A, were taken as
0 78 um and 0 83 um As the true temperature and the ratio of emissivities
increase, readings of apparent temperature become associated with large
errors From Touloukian and Dewitt's (1970-1972) compilacion of data of

spectral emrissivities of molybdenum 1t follovs that the ratio of
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Co 78 um/€0 83 .m May vary, depending on the set of data, but it is never
constant In Figure 6 10 the experimental points were obtained by
subtracting the true temperature, measured by the thermocouple, from the
apparent temperature determined from the cooling curves. It follows that for
this investigation the ratio of spectral emissivities, at the mentioned

wavelengths, 1s between 1.08 and 1.10.

6 4 Thermocouple Thermometry

In the 1nduction plasma system the flame remains at a floating
potential ¢f around 1100 V, AC at & MHz, as measured by the Tektronix P6013
probe with 1000 times attenuation which was connected to an oscilloscope
In order to maintain the plasma flame the reactor, the sampling probe and
the heat exchanger were operated at the floating potential. An attempt was
made to insert a non-conductive transite washer, that could withstand high
temperature, between the reactor and the heat exchanger which was grounded
The gas leaving the reactor was still partially ionized requiring a transite
ring at least 5.0 cm wide to avoid discharges between the gas and the heat
exchanger In principle this change allowed the measurement of temperature
of the gas exiting the heat exchanger by a K type ungrounded thermocouple
lt was observed however, that the radio frequency interference (RFI) of the
rorch field with the thermocouple wire resulted 1in inaccurate temperature
results. The inler and outlet water temperatures were initially measured by
bimetallic dial thermometers between G and 5C °C. Although accurate, during
calorimetric euperiments, they demanded long running times to verify the
steady state conditions

In order to avoid these difficulties 1t was necessacy to develop a
technique to separate DC thermocouple signal, (few mV) from the RFI
(hundreds of V, for a flcating thermocouple 1nside the probe) Normal
filters would attenuate the already weak DC signal but 1t is known that
ferrite beads have high impedance to radio frequencies, above 1 MHz In
addition they can substantially attenuate transient spikes which often occur
in RF plasma systems due to arcing Ferrite heads consist of polycrystalline

spirel structureda - ceraumic materials which may contain oxides of iron,
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nickel, zinc, or manganese. Since above a certain frequency their resistance
increases and inductance decreases they may be described as frequency-
sensitive resistors (Gigliotti 1975)

Ferrite beads were placed in two locations. (1) very close to the
apparatus to eliminate transient spikes and to attenuate AC component of
the signal - those beads were inclined to overheat and (2) just before the
strip chart recorder to eliminate any RFI in the thermocouple cables Thus
the cables did not have to be shielded with a copper strap. The strip chart
recorder was not placed in the Faraday cage but was s:tuated far away from
the torch. Every thermocouple line was wrapped around three or four large
beads or snap-on chokes to gain sufficient attenuaticn of the noise.

As opposed to the nickel-chromium vs. nickel-aluminum thermocouples
used to measure water and exlt gas temperatures it was necessary to employ
tungsten rhenium thermocouples for measurements of gas temperature inside
the reactor. Bare wire tungsten-53% rhenium vs  tungsten-26% rhenium
thermocouples could measure temperature up to 3000 K for short exposures in
neutral or reducing atmospheres. They were supplied by Omega Engineering
Inc. Burns and Hurst (1975) review other types of thermocouples for
measurements of high temperatures

During the initial experiments soot tended to form a layer at the tip
of the probe around the thermocouple ju:i..tion Although gas flowed through
this layer the flow rates through the probe were approximately 30 % lower
than normal and the recorded temperature decreased dramatically. It is
thought that the temperature of the soot layer was lower than the gas
temperature due to the heat loss by radiation frum the soot surface.
Subsequently, in the following experiments the thermocouple was removed from
the suction probe

An attempt was made to verify the calorimetrically determined flame
temperature using the suction probe In principle. one can measure the
temperature of the pure argon plasma flame at low power (below 7.0 kW) that
corresponds to the average flame temperature of under 3000 K. However, under
those conditions the plasma flame inverts (Chapter 4), and the temperature
does not represent the average flame temperature. Moreover,it was noticed

that the probe, after a few seconds of operation, was sucking a small stream
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of incandescent gas whose temperature was likely to be higher than the
average flame temperature. Thus it may be concluded that those difficulties
prevent the use of a suction probe to measure the temperature even in the

colder region of the RF plasma flame.
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7.0 RESULTS AND DISCUSSION

The objectives of this investigation were twofold; firstly to optimize
the production of light unsaturated hydrocarbons (including liquids) as a
function of average plasma temperature, plasma gas composition, and
residence time, and secondly to charactevrize the unconverted residue in
terms of elemental and mineralogical changes.

This chapter is divided into three sections. The qualitative aspects
such as microscopy and X-ray diffraction are discussed first followed by the
quantitative measurements. Finally the results from this study are compared
with the existing data.

The residue before the plasma treatment will be referred to as the
CANMET, the original or the fresh residue and after treatment &as the

unconverted or the unreacted residue.
7 L Qualitative Results

7.1.1 Visual Observations

It was initially discovered that if the crucibles were fully filled
before reaction, tnat much material overflowed (because of swelling), and
reacted in an uncontrolled way The use of approximately 1.2 g, which
occupied 50 % of the crucible volume, prevented this problem.

In the first few seconds of exposure to the plasma, the residue melted
and expanded to the top of the crucible forming a porous dome. The
hydrocarbon content of this layer was soon depleted and so it stabilized in
this position. As the reaction progressed, the cracked gaseous hydrocarbon
products flowed out of the crucible through the dome. Early during each
experiment a layer of soot started to form on top of the dome and to a
lesser extent on the external crucible walls., The mass of the soot layer was
usually about 0.1 g or 11 % of the carbon initially present in the sample.
It is believed that the source of this soot was the decomposition of

acetylene produced in the reaction.
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The height to which the dome rose depended on the temperature and
composition of the plasma gas. High temperatures or the presence of hydrogen
gave high heat transfer rates leading to rapid reaction within the crucible
and thus a low dome. With a pure argon flame at low temperature the dome
formed at the very top of the crucible.

The unconverted residue did not only form the dome, but it was always
found adhering to the inside surface of the bottom and the walls of che
crucible. The entire unconverted residue could be removed from the crucible
and it had a hollow cylinder-like shape. This leads to the conclusion that
the pyrolysis took place not only at horizontal interface between the
residue and the plasma gas but also at the hot crucible walls.

During the reaction, the crucible was surrounded by the plasma gas,
gaseous products and soot. The yellowish light radiated by the products was
so intense that the crucible surface temperature could not be measured by
the two wavelength pyrometer at this time. Visual observations showed that
the crucible remained black (cooled) until the end of the reaction and only
then did it achieve red heat. It may be concluded that the steady state
crucible temperatures described in section 6.3 (Figure € 9) <rere only
achieved after the cracking reactions were essentially complete Nothing can
be said concerning the temperature of the residue within the crucible which
was exposed directly to the plasma flame.

The completion of cracking could also be inferred from the colour of
the plasma flame which became blue and white regpectively for pure argon and
argon/hydrogen plasmas. Carbon whiskers of soot which had grown on the dome
during reaction emitted intense red radiation because they were hotter that
either the crucible or the dome. Their dimensions were, however, too small
to alluw a temperature measurement by the pyrometer

If the unconverted residue was re-exposed tu the plasma in a second
experiment, no further reaction was observed. This could be explained by the
fact that the maximum crucible temperature was never higher than 1700 K
(Figure 6.9). The vaporization rate of graphite at this temperature is
practically zero (Clarke 1967). The reaction rate of graphite and hydrogen
at the partial pressure of hydrogen of 10 kPa can be estimated as ma:imum

1 nmol/s or 4.3.107° g of graphite/hr (Clarke 1967) which is too small
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amount to be detected by weighing
7.1 2 Microscopy

In this section, the changes 1n the mineral texture of the CANMET
residue during the plasma treatment as determined by the optical and

scanning electror microscopy are discussed.
71 2 1 Optical Hicroscopy

Thin sections were made of both fresh residue and unreacted residue by
mounting ground particles in a resin and polishing the resin to a thickness
of 20 microns on a glass plate. For fresh samples, the residue was first
leached with THF und then ashed in the LTA to remove most of the organic
carbon and concencrate the remaining minerals The unreacted residue
texposed *o 17 3 % nvdrogen plasma at 3110 and 3040 K) does not dissolve 1in
IHF and oxidizes only slowlv in the LTA, and so 1t was simply ground

The size of the particles depended on the sample preparation, the
shape, colour und other features could be examined at magnifications of 100
and 400x in transmitted and reflected light In trensmitted light, the
particles of the fresh residue were less angular tinen the particles of the
unconverted residue In roflected light, particles before and after
treatment displayed distinct colours Particles of the unconverted residue
had no distinguishable structure and showed plenty of m.nute reddish
internal reflections Single crystals were observed erbeddad in the matrix
of the CANMLT residue but thev were not seen in the urconverted residue.

A few general conclusions may be drawn The residue after treatmentc is
even more homogeneons since no crystals could be observed with 400x
magnification However, the presence of internal reflections suggest the
existence of wvery small and imperfect crystals with cracks and flaws The
crucible temperature was sufficient to tesult in the partial melting of some
minerals Since ccoling of the hot crucible was fast (temperature decreased
to belcw 800 °C in less than 15 s) complete recrystallization did not occur

and the crystals formed were minuscule.
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7.1 2.2 Scanning Electron Microscopy (SEM)

The fresh CANMET residue leached with THF and ashed in the LTA and the
ground unreacted residue obtained from the upper part of the crucible (the
dome) from an experiment in a 10 0 § hydrogen plasma at 3390 K were
investigated on JSM-840A scanning electron microscope Samples of the
unreacted residue were too small to permit the analysis of the same samples
in both optical microscopy and SEM studies The samples were prepared by
depositing a thin laver of the material dispersed in ethanol on graphite
mounts .

Single crystals of 1 to 5 um in size were observed at the magnification
of 5000x on the surface of the carbonaceous particles of the THF leached
CANMET residue Iron, calcium and silicon are contained in different
minerals, such as iron sulphate, bassanite and silica Their distributions
vere mapped (at 5000x magnification) and it was confirmed that they were
assoclated with different single crystals.

Figures 7.1 a, b and ¢ show the unconverted residue magnified 50, 500
and 5000x. Because the residue was crushed after the reaction, the particles
are angular Distributions of iron, calcium and silicon were mapped and
thece elements were uniformly disseminated in every particle shown in Figure
71 ¢ X-rav spectra were taken by SEM at a magnificat:on of 50x of the
fresh and the unconverted residues (Figwe 7 2 and 7 3) The low
magnification ensures (Figure 7.1 a) that the compositiun 1s obtained frem
many particles and it may be considered as avorage Tnis technique cannot
show elements lighter than sodium thus carbon does not appear in Figures 7 2
and 7 3 Clearly, the plasma treatment does not preferertially iremove anv
of the important metallic elements
Although some of the sulplur 1s converted to H,5 (Section 7 2 J),

Figure 7.3 shows that most of the sulphur content is ratained 1n the

residue




(3]
-
N

v J]
. ~.ﬁ.\v.JW

68

P
M
po— o

£Q
~—
I~

7ic

regen

H

%

(magnification from the top 350, 500 and 3000))

a, b, c Micrographs of the Unconverted Res.dne 1n 10,0

L

~

;

Figure
Plasma at 3400 K




69

T
! C
‘ =]
C| E
l\'} | H'C f\ l
‘le& ; K \P Tw v om “ E N }
o ) v H \
SR R N I VY NS 1 1 !
-—."“ v - e _.—\_‘ _____ » uv\-_ .
= = 10.0
00 KeV
Firgure 7 2 X-Ra' Snectra of the CANMIET Residue
|
- |
!
!
< t ]
1 l i
Lo ;
|| '
& ! c i
"I} |i { H ‘.
. F ] J 1
i1 | J = 5
)l | 4 E
i& \' b X = ‘ -
N |_1 1 . H = -+ )
A SN ; \ I fﬁ B !
R aen of ¢
ot ” Y W e N
0.0 100

KeV

Figure 7 2 X-Rav Spectra ot the Unconvertod Residue




70

7 1 3 X-Ray Powder Diffraction (XRD)

Although coals are normally ashed 1n LTA, to remove their organic
content before analysis by XRD, the unconverted residue was not ashed to
avoid any chemical changes; the plasmas used were inert or reducing while
the asher is strongly oxidizing

The minerals of the fresh residue are presented 1in Figure 7 4 a and
described In Chapter 5 The changes, theyv undergo during the treatwent in
33 5 % hydrogen plasma are presented in Figure 7 4 b ¢, d and e These
experiments were conducted at the plasma average temperatures of 1570, 1920,
2320 and 2470 K respectivelv High background and small peaks in all graphs
suggest a high content of amorphous carbon

As  shown In Frgure 7 4 b, gypsum (CaS0,+2H-0) and bassanite
(CaSO,+1 5H,0) lose their hydration water converting to anhydrite (CaS0))
A comparison of Figures 7.4 a to e shows that anh'drite decomposes at higher
temperatures to calcium sulphide (CaS) Howerer, the decomposition of
anhydrite begins before CaS peaks could be recognized suggesting the
existence of an 1intermediate compound The resolution of Figures b, c. and
d 1s not sufficient to make a definite conclusion that such an intermwediate
stage 1s €aS0,

To improve the resolution, the unconvarted residues from two series of
¢ periments 1n pure argon and 17 3 * hydrogen plasmas were oxidized 1n LTA
and analvzed by XRD All ashings and analysis wers conducted under the saune
conditions As expected, CaS was not identified since 1t was oxidized to
CasC, wiich was present on all ¥RD traces If LTA would first exidize Cas
to CaS0; and then to CaSO, one would eixpect to see CaSO; on all ARD traces
(1f the onidation was not complete) or on none of them (ir the oxidation w.s
complete). However, CaS0; was identified only on the XRD traces taken from
the lower temperature experiments; specifically. at 1660 and 2169 Kin 17 3 &
H, plasma and at 2240 and 3100 K 1n pure argon plasma <aSC,; wis not
observed at 2920 and 3100 K i1n 17 3 % hydrogen plasma nor at 3680 and 4150 K
1n oure argon plasma, an example is given in Figure 7 4 £ This proves thut

CaS0.: 1s an intermediate compound and e:nnist at the lowser temperature only
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In conclusion,the following mechanism is suggested for the fixation of

sulphur during the plaswma treatment,
CaS0,+2H,0 - CaS0,+1 5H,0 - CaSO, -~ CaS0, - C(Ca$

tn addition, the carbonates {(dolomite, calcite) which easily decompose to
calcium and magnesium oxides during the plasma treatment may also fix

inorganic and crganic sulphur (Ibarra -t al. 1989,

Ca0 + H,5 - Cas + H,0

In genaral.the transtformations of the iron hearing compounds could not
be resolved by -rav powder diffraction For ewample, 1t appears that i1ron
sulphate decomposes only at higher teumperatures (Figure 7 4 b and 7 4 e).
Although the production of 1ron would be evpected it could not he confirmed

due to the low resolution of the unashed XRD traces and the oxidizing

character of LTA
7 1 4 Cordensation of Liquid Hydrocarbons

Tne conrersion of lonm chain paruffins and hirh wolecular weipht
crrcloalkanes ard aromatics to light unsaturated hvdrocarbouis in the plasma
1s around 2 0 % and 12 % respectively (Baronnet et al 1987) If a similar
conversion 1s obtained frem the CANMET residue then a sample of 12 2 (1.e
10 ewperiments run one after another) would produce at least O 13 g of
liquid hydrocarbons. A carbon dieride (sublimation point at -56 6 °C) trap
should be able to <ondense all liquid hvdrocarbons since their equilibriwm
constants dre small at low te wperatures (Smith and van Newss 1975) The
thermal efficiency of the constructed trap was confirmed by using liqud
nitrogen (boiling point -195.8 °C) to condunse avgon tboiling point -
185 7 °C) Since no liquiu hvdcocarbons were condensed,it may be concluded
that the plasma treatment of the CANMET tcoidue 1n the semi-batch reactor

does not lead to the formation of liqiid tvdrocarbans
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7 2 Quantitative Results
7 2.1 Repeatability

Errors in the experimental data may have resulted from the uncertainty
In process variables and from errors in individual measurements

The plate current was adjusted to +t0.1 A vhich corresponded to 0. 56 kW
of the plate power. Thus the average flame temperature was determined with
the precision of £150 K The accuracy of the gas flow meters, pyrometer and
thermocouples has been discussed previously.

The gas composition was measured by the gas chromatograph which had a
detection limit of around 10 ppm (0 001 %) for all gases with the enceptien
of hydrogen Its precision varied depending on gas concentrations hut 1t wvas
usually around 100 ppm The i1nstrument readings were periodically compaved
with the calibration minture and found that gas percentages agree to vithin
5 % throughout the work, during the same period the retention times
decreased slightly by less than 0.1 min

For every series of experiments, with different hvdrogen concentration,
at least one point was replicated TFive replicates were taken at 3390 K for
10 % hydrogen plasma Table 7.1 nresents the concentrations of hydrocarbons
and carbon .monoxide in the integral samples collected usually during first
three minutes of every experiment (column 4). The gas stream was withdrawn
through the suction probe whose tip was located 8 0 cm below the torch exit
or 5.5 cm below the top of the crucible In all experiments the flow of
argon was maintained cons<ant at 32.5 1/min; however, the flow of hydrogen

was varied between O 0 and 8 1 1/min.

Table 7.1 Composition of the Integral Samples of Product Gases

H, Flow Temp Residue Time  C,H, C.H, CH, Co

(L/min) (K) (g) (min) (%) (%) (%) (%)
0.0 2190 1 1950 4.0 0.076 O 0lg O 020 0.0l6
0.0 2990 1 2026 30 0.100 9 009 0.000 0 039
00 3370 1 2024 30 0.115 0 000 0,000 0.049
0¢C 3670 1.2252 2 C O 115 0.003 9 006 0 060
0.0 3670 1.1945 3.0 0.111 0.000 D 000 0 058
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0.0 4110 1.2088 30 0.124 0.000 0.000 0.068
00 4440 1.2085 3.0 0 120 0.000 0 000 0 074
00 4450 1.1976 30 0.106 0 000 0.000 0 075
3.6 2890 1.2093 3.0 0.145 0.019 0 051 0.037
3.6 3160  1.2142 30 0 160 0.016 0.037 0.040
3.6 3390 1.1946 3.0 0.148 0.012 0 029 ¢.040
36 3390 1 2035 30 0 145 0.014 0.031 0 046
3.6 3390 1 2013 2.5 0 168 0 014 0 037 0 050
3.6 3390 1.2040 30 0 140 0.012 0 026 0.048
36 3390 1.1979 30 0.143 0 013 0 027 0.045
3.6 3590 1.2088 30 0 137 0 011 0 027 0052
36 3740 1.2124 30 0.132 0 010 0.024 0 055
3.6 3810 1 1944 30 0 127 0 008 0.021 0.057
3.6 3810 1.2049 3.0 0.125 0 008 0.025 0.057
8.1 2500 1.2013 3.0 0.106 0.025 0.064 0 023
8.1 2720 1 2176 3.0 C 120 0 022 0 062 0.026
81 2920 1 2055 30 0.148 0.021 0.057 0 035
81 2940 1.1931 30 0 139 0 021 0 057 0 031
8 1 2080 1 2096 3.0 0 138 0 018 0 048 0 032
8.1 3130 1 1936 3.0 0.152 0 017 0 046 0.033
8 1 3260 1.1974 3.0 0.137 0.015 0.041 0 035

The spread in the acetylene concentration was betueen 0 140 and
0.148 % which corresponded to the difference in the conversion to acetylene
of 6.6 % (relative) Similarly, the conversion to ethylene shows spread of
between 1.54 and 1 20 %, to methane of between 1 67 and 2 00 % and to carbon
monoxide of between 2 60 and 3 07 %. It should be pointed out that the
acetylene results may be associated with an addition error due to the

partial decomposition of acetylene in the suction probe (Section 7 2 2)

7.2 2 Quenching

Since acetylene may decompose during sampling, the design of the water
cocled suction probe has an effect cn the determination of the acctylene
vield. Thus the probe 1inner diameter (1 6 mm) and the gas flow rates
(250 cm’/win of argon) were selected on the basis of the experimental work
by Plooster and Reed (1959) ara Baddour and Iwasyk (¢1962)  This sectiun
will estimate the extent of the decomposition of acetylene inside the probe
(used 1n this project) as a functivn of the quenching rate. Firstly. the

thecretical quench rate will be given fellowed by the estimation of th
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quench rates in the probe The average calculated quench rate between 1500
and 600 K will be verified by experiments, then a simple segregated flow
model, based on the computed quench rates will be used to estimate the
extent of the acetylene decomposition.

The quenching rate (dT/dt) necessary to preserve the whole amount of
acetylene in the sampling gas was given by Bukhman et al. (1965) as,

dT T, - T;
2

\/

dt 621077 « exp(15100/T,)

where T, 1s the sample temperature at the probe inlet, T, is a temperature
at which the decomposition of acetylene is negligible For example, taking
T,=2500 K and Tg=600 K equation (7 L) yields dT/dt > 7 5.10° K/s

Expression (7 1) tends to overestimate the quenching rate (Khait 1965)
since it assumes the same quenching rate at high (where the decomposition
of acetylene is fast) and at low temperatures (where the decomposition of
acetylene is slow),

In this study, the amount of acetylene present in the hot argon gas was
always below 1 % and hence the transfer and thermodynamic properties of the
hot gas were close to those of argon. Sundstrom and DeMichiell solved
continuity, heat and momentum equations for the quenching of high
temperature argon using a slightly bigger probe (3.2 mm in diameter) and
higher flow rate of argon (650 cm®/min) However, the heat transfer
coefficient 1is ewpected to be higher for the probe used 1n this
investigation, thus the Sundstrem and DeMichiell's calculations provide
conservative evaluations of the quenching rates. These are as follows:’
5 0+10% K/'s between 2500 and 2000 K, 1 3-10% K/s between 2000 and 1500 K,
0.16.10° K/s between 1500 and 600 K and below 600 K the acetylens
decomposition 1s negligible

The last quenching rate was confirmed experimentally The suction probe
with K type thermocouple (0 8 mm 1in diameter) was used te withdraw the hot
air from within the muffle furnace whose temperature was maintained above
1150 K. The conduction losses through the thermocouple were negligible since

the same temperature was measured indepeadently inside the furrace and by
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the thermocouple at the probe inlet The temperature profiles inside the
probe were taken along first 100 mm (Figure 7.5). An error associated with
a single temperature measurement was 120 K. Knowing the air flow rate
(500 cma/min at STP), the cross-sectional area for flow and using the ideal
gas law the quenching rate was calculated as 0.4+10% K/s at the beginning
of the cooling jacket at the probe inlet. This corresponds well with the
average quench rate of 0.16:10° K/s obtained from the Sundstrom and
DeMichiell results between 1500 and 600 K and the local quench rate of
0 31+10°K/s at 1150 K, however air has better heat transfer properties than
argon.

In order to estimate the decomposition of acetylene,based on the quench
rates calculated by Sundstrom and DeMichiell,the segregated fiow model (in
avial direction) was employed. At high temperatures the flow of argon is
laminar however for this analysis good mixing in radial direction is
assumed. Similar assumption was made by others (Amman and Timmins 1966). The
first order rate expression (in acetylene) for the reaction C,H, - 2C + H,

taken from Melamed et al. (1965) as (in s !);

15100
r=-1.57-10% - exp(- ——) (7.2)
T

was used in conjunction with the mentioned quench rates to yield the
decomposition of acetylene in the probe of 32 %3 This appears to be a
conservative estimate especially since the quench rate of 7 5+10° K/s ‘10
decomposition of acetylene accoraing to Bukhman et al 1965) implies that
only 85 % of acetylene is preserved. However, the model does not include the
adiabatic quenching

It should be noted that some soot was collected on a filter which was
attached to the probe exit, the sont could be also sucked from within tae
reactor.

Gas mixing is an efficient quenching technique witlh quenching rates
that are twice as high as for the quenching by cold wall However, on
laboratory scale a suction probe is a more flexible method than other

guenching techniques IMoreover, it is unlikely that in the industrial
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facility higher quench rates, than used in this study, can be obtained.
Thus 1t 1is possible to minimize but mnot to avoid the acetylene

decomposition.

7.2.3 Gas Composition and Conversion to Gaseous Products

Acetylene, ethylene, methans, carbon monoxide and hydrogen were the
most important gases produced. However, the concentration of hydrogen was too
small to be determined accurately. Small amount of ethylene was detected in
a few samples but this gas was never observed in the integral sample. Since
hydrogen sulphide was 1identified by its characteristic odour, but not
detected on the TCD detector, its concentration was below 10 ppnm. The
concentration of nitrogen was bzatween 0.4 and 4.0 % depending on the extent
of the air leakage into the gas samples; thus the concentrations of other
gases were adjusted to air free bhasis. Carbon dioxide (10 - 70 ppm) was
detected only in injections which had high nitrogen coutent, and so 1L was

not considered as a product gas

7.2.3.1 Effect of Plasma Temperature and Hydrogen Concentration in Plasma

Gas

The conversion of carbon in the residue to acetylene (Figure 7.6) is
atout twice as high in 10 and 20 % hydrogen plasmas (23 %) than in pure
argon plasma (14 %). There is no 1increase in the acetylene production once
the hvdrogen content in the plasma gas reaches 10 %. Thus it 1s possible
that similar results would be obtained in pure hydrogen plasmas Moreover,
the conversion to acetylene in argon/hydrogen plasmas as a tunction of
temperature exhibits a broad maximum at around 3200 K This trend agrees
with the results of the thermodynamnic calculations; howeversthe cqus librium
conversion is much higher than experimental

The conversior of carbun tHy ethylene (Figurc 7 7) and methane (Figure
7 85 1s higher in 20 % than in 10 % hydrogen plasinas In genecal, the
treatment 1n pure drgon plasma does not lead to the productior of ethylene

and methane unless the temperatures are below 32000 K In tact, the
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thermodynamic analysis predicted a small production of methane and ethylene
in argon/hydrogen plasmas and no production in pure argon plasma. The
conversion of carbon to ethylene and methane at 2500 K is 3.7 and 4 7 %,
respectively, and i+~ decreases to 1.0 and 1.5 % at 3800 K. The thermodynamic
calculations anti. . ted slightly higher production of methane than ethylene
(Figures 3.1 and 3.2).

On the other hand, the production of carbon monoxide (Figure 7 9
depends only on the temperature of the plasma gas The conversion of oxvgen
to CO is 40 % at 2190 K, but it increases to 106 % at 4450 (Figure 7 10
This apparent inconsistency is explained by the fact the CEC 240-XA analyzer
urderestimated the total amount of oxygen in the sample due to the oxygen
removal by metals (Chapter 5) The emission of CO may be divided 1intc two
stages. Below 2800 K the organic oxygen is removed by cracking and the
conversion of oxygen to CO 1is approximately constant. Above the gas
temperature of 2800 K the inorganic oxygen leaves the residue because of
mineralogical transformations especially the removal of oxvgenr from calcium
sulphate. At this stage, the extent of the carbon monoxide emission is
directly proportional to the gas temperature. This is corroborated by the
results from XRD study which showed that the extent of the calcium sulphate
reduction to calcium sulphide increases with temperature

Figure 7.11 compares the amount of hydrogen present in acetylene,
ethylene and methane with the amount of hvdrogen initiallv presant in the
residue. The difference between pure argon and argonshydrogen plasmas has
resulted not only from the better removal of hydrogen from the residue by
argon/hydrogen plasmas (Section 7 2.4.4) but alsc from the addition of
hydrogen to the gaseous products of pyrolysis.

The time required for reaction depended somewhat on the plasma gas
temperature but was less than 110 s for enperiments with pure argon plasma
(Figure 7.12) and 85 s for runs with 20 % hydrogen/argon plasma (Figure
7.13). For an experiment performed in an inverted flame (which implies
colder plasma on the flame centre line than on the periphery) at 2190 K
(Figure 7.12) it takes substantially more time for the residue to react. The
production rates of acetylene were 2.1 mmol/s at 4450 K in pure argon plasma

and 4.5 mmol/s at 3260 K in 20 % argon/hydrogen plasma.




5.0
2% o100z Argen 5
-8; 4.0t 3 10.0% Hydrogen o)
2 o
X 3.5+ 4 20.0%7 Hydrogen OD
c al
I L D
: 3.0 &
22 5t a G4 8
a ! Bap &
&) !
9 2 G+ A

' A
5 1.5}‘ ©
o
5 1.0-
>
g |
80.5¢F
L
O'O i i A ek
2000 2500 3000 3500 4000 4500

Gos Temperature, K

Figure 7 ¢ Conversion of Carbon in the CANMET Residue to Carbkon Monoxide,
70 replicates at 3810 K for 10 % hydrogen plasma (Argon Flow = 20 81 g/min
Axial aund 37.22 g/min Swirl, Hydrogen Flow = 0 32 or 0.73 ¢/min to the
Tailflame)

HO‘
[

8

re 100 © 1007 Prgon 0
§) 80| O 10.07 Hydrogen 5"
2D 80F n®
S5 80 & 20.0% Hydrogen 5 |
‘é 70+ &
5 Op0 4
o 850
o a
5 40+ o a !
5 30_ A Is A IAA
£ ool 4 o
2 * ° ) ] d 9
8 o

O - i i -

2000 2500 3000 3500 4000 4500

Gas Temoerature. K

Figure 7.10 Conversion of Carbon and Oxygen in the CANMET Residue to Gaseous
Products; oxygen - open symbols, carbon - closed symbols, five replicates
at 3390 K for 20 % hydrogen plasma, two replicates at 2810 K for 10 %
hydrogen plasma (Argon Flow = 20.81 g/min Axial ard 37.22 g/min Swirl,
Hydrogen Flow = 0.32 or O 73 g/min to the Taililame)




.4

b4

Hydrogen 1n C2H2,C2H4.CH4/Hydrogen 1n Residus.

Conversion to Rcetylens. 2

(Argon Flow

50

45"

a0+

o
T

ccon

O 100% Argon
0 10.0% Hydrogen !
4 20.02 Hydrogen

0
2000

Ggs Tamperature. K

4000

Figure 7 11 Ratio of Total llydrogen in Acetvlene, Eth:'lene and Methane to
Hydrogen Initially Present in the CANMET Residue, five replicates at 3390 K
for 20 % hydropgen plasma (Argon Flow
Swirl, Hydrogen Flow

20.81 g/min Axial and 37.22 g/min
0 32 or 0 73 g/min to the Tailflame)

14

0 2190 K
4 2090 K
* 3670 K
@ 4450 K

e L

175 200 225

Figure 7.12 Conversion to Acetvlene in Argon Plasma as a Function of Time

20.81 g/min Axial and 37 22 g/min Swirl)




84

In general.one may conclude that the conversion of carbon to 1light
hydrocarbons is limited by the cracking of the CANMET residue; however, the
effect of the plasma temperature and its hydrogen content on the product
distribution may be approximately predicted from the thermodynamic

considerations.

7 2 3.2 Effect of Residence Time

The residence time was calculated on the basis of the average flame
temperatures at the torch exit and the reactor volume below the top of the
crucible.

Gas samples were withdrawn from the exhaust gases at the reactor outlet
and through the suction probe 0.5 and 5.5 cm below the top of the crucible,
In addition an insert (2.54 cm in diameter) was placed inside the upper part
of the reactor. This allowed to vary the residence time (between the
crucible and the sampling points) between 0.36 and 52 ms

No difference in the conversion of carbon to acetylene (within the gas
chromatography error) was observed which suggests that most of the
decomposition of acetylene occurs at the top of the crucible and soot Iis
swept to the lower part of the reactor and deposited on the reactor walls
Thus it appears that the decomposition of acetylene results £rom the
diffusion of the products from the pyrolysis through the porous dome.

Since the effect of the residence time.,of a few milliseconds, on the
decomposition of acetylene is within the gas chromatography accuracy the
extent of the decomposition of acetylene inside the suction probe was likely

overestimated.

7.2.4 Chemical Analysis of the Unconverted Residue

1hiis section will examine the affect of the temperature and the
hvdrogen concentration in the plasma gas on the organic and inorganic
materials which were left in the crucible after the treatment. During the
experiments the CANMET residue was exposed to the piasma gas usually for

120 s (pure argon, 17 3 and 332.5 % hydrogen plasmas) or 180 s (pure argon
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10 and 20 $ hydrogen plasmas). In general, only small changes may be
expected in the organic and inorganic parts after the pyrolysis of the
hydrocarbons was completed For example, the emission of carbon monoxide
suggests that the minerals are still undergoing some transformations, and
the organic carbon may be consumed in the process. However, those changes are
so small that they cannot be accounted for by the analytical techniques

presented below.

7 2.4.1 Solubility in THF

The residue left in the crucible after the reaction accounts for
between 40 and 50 % of the initial mass. The results, presented in Figure
7 14, are correlated with average gas rather than with crucible temperature
The crucible temperature is substantially lower than the gas temperature,
typical crucible temperatures were given in Figure 6.9.

The average measurement 1in Figure 7.14 1is associated with an
uncertainty of *5 %. The amount of the residue decreases with temperatures
but the effect of the plasma gas cannot be unequivocally determined

The wunconverted residue contained practically no hydrocarbons which
were soluble 1n tetrahydrofuran This implies that the aliphatic, alicyclic
and part of aromatic hvdrocarbons have been cracked and the organic part of

the residue contains only condensed aromatic structure with heteroatoms

which is not soluble in THF

7 2.4.2 Ashing

Since at 1600 K (Figure 7 14) around 50 % of the original residue is
removed from the crucible, most of the pyrolysis takes place at lower
temperatures However, the amcunt of ash left in THF insolubles increases
slightly with temperature (Figure 7.14) reaching 25 % at above 4200 K. (Ash
on THF insolubles = ash obtained from the unconverted residue / mass of the
unconverted residue -+ 100 %.) This indicates that at higher gas
temperatures inorganic elements become more concentrated in the crucible

whereas carbon is preferentially removed into the gas phase. This is
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expected since increasing gas and crucible temperatures give faster and

more complete pyrolysis.
7.2.4.3 Atomic Absorption

The unconverted residue, after ashing at 780 - 800 °C, was analyzed for
iron, aluminum, vanadium and nickel on an atomic absorption apparatus
(Figure 7.15) Vanadium, iron and nickel were selected for their potential
to be used as catalysts in the CANMET process; therefore their recovery can
be important. In addition, some researchers showed (Meubus 1975a&b,
Moisyeyev et al 1986) that the presence of metal particles, such as Fe, al
and Ni in the reacting mixture of hydrocarbons in plasma mav change the
product distribution enhancing the production of acetylene

No significant variations in the contents of Fe, Al, V and N1 were
observed as a function of temperature and composition of the plasma gas The
results presented in Figure 7 15 mav be compared with the analysis of the
initial CANMET residue (Table 5.2) to show that no metals are removed from
the crucible during the plasma treatment.

Two conclusions may be drawn: (l) since they do not volatilize the
metals have no effect on the reactions in the gaseous phase and (2) to
recover the catalvst further separation is required. Since the SEM results
demonstrate that the metals are evenly distributed in the unconverted

residue the separation should be performed by a chemical process.

7 2.4 4 C-H-N-5-0 Analysis

The hydrogen content of the unreacted residue may vary greatly
depending on the position of the unreacted residue in the crucible For the
carbon and hydrogen analyvses the unconverted residue was divided into two
samples: one representing the top portion of the unreacted material (which
was directly exposed to the plasma flame) and the bottom part (which
remained at approximately crucible temperature). With the exception of
experiments conducted under the inverted flame conditions (Figure 7.16), all

results show that the top part of the unreacted material contains less
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hydrogen. There seems to be a decrease in residue hydrogen content as the
plasma gas temperature is increased For the same average flame temperature,
more hydrogen 1s removed from the residue in argon/hydrogen than in pure
argon plasmas This may be due to a more efficient heat transfer from plasma
to residue for argon/hydrogen plasmas. The fact that the residue in the
lower (and colder) part of the crucible changes its hydrogen content suggest
that there is some reaction even here

The sulphur content of the unconverted residue does not wvary
appreciably with the position inside the crucible. This 1s corroborated by
the results shown in Table 7.2, The nitrogen and the sulphur content in the
original CANMET residue was 1.18 and 3 43 % respectively (Table 5.2). Hence
nitrogen and sulphur become more concentrated in the unreacted residue This
indicates that the aliphatic, alicyclic and aromatic hvdrocarbons are
pyrolysed first and those which contain heteroatoms, such as N and S,
decompose during the later stages of pyrolysis and their decomposition may
not be complete. In addition, the organic and inorganic sulphur is retained

in CaS (Section 7.1.3).

Table 7.2 Nitrogen, Oxygen and Sulpnur Contents in the Unconverted Residue

Temp. Hydrogen in Plasma | Upper part Lower Part | Analyzed
K E % % Element
4190 0.0 1.24, 1 24 1.46 N
3670 0.0 1 39 1.50 N
3370 00 1.35, 1 39 1 67 N
2190 0.0 1.68, 1.58 1.67 N
3390 10 0 132, 1.26 1.78, 1 73 N?
3390 10.0 1.41 1.60, 1.61 N
3260 20 0 0.75 1.08 N
3190 20.0 1.32 1 56 N
3080 20.0 0.95 1.65 N
2920 20.0 0.98 1.56 N
3080 20.0 0 44 3.43 0
3590 20.0 4 37 4.19 §2

! Separate experiments
* Using LECO induction furnace and Metrohm titrator

On the other hand, the distribution of oxygen in the crucible, which
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i» high an the lower part and low 1n the upper part, 16 similar to that of
fvdrogen  The 1norganic onvgen 1s released from the calcium and mapnesium
salts by the cthermal decomposition or during the fixation ¢f sulphur and
trom kaolinite by dehydrarion The presence of the organtc oxygen may
actually enhance the 1initial cracking since the osygen would be
preferentially removed from the hydrocarbon structure.

The soot which formed on the top surface of the porous laver of the
nmreacted reoidue (the domer was seraped and analyred for C-H-N content
Since soot mav contaln smill amount ot hydrogen (Table 7 3) 1t may be

concluded that the decomposition of acetylene 1s a chain reaction, as shown

In Section 2 3 3 Also soot mav incorporate trace amounts of nitropen
3]

fable 7 3 H-C-N Content of Soot, Carbon may be caleulared by difference

l

l
Hydrogen Nitrogen

lemp | Hvdrogen 1n Plauma l

K j * ! * ] %
4450 0.0 : 0 16 0 4l
4440 00 0 54 0 62
4110 0.0 . 0 47 0 35
1670 00 0 75 021
3670 00 0 22 0 55
2370 0.0 0 53 061
2090 0.0 2.75 051
2190 20.0 310 1 561
3260 20.0 0.48 0 38
3080 20 0 0.26 0 62
2940 20 0 091, 0.72 | O 54, 0 74
2500 20 0 033, 047 | 0 57, 03

! Inverted flame

All analyses, described in this section with the exception of tulphur,
were performed on CEC 240-XA elemental analyzer (Chapter 5) whose error was
estimated to be below 20 30 3 (absolute) Tables 7 2 and 7 3 contain
replicates which support this statement The error associated with the

determination of sulphur was *0 20 % (absolute).
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7.3 Comparison with Other Results

The treatment of pitches in argon/hydrogen plasmas has not yet been
fully investigated. The only other study was performed by Nicholson and
Littlewood (1972) who experienced similar problems in pyrolysing condensed
aromatic structure of pitches. They obtained maximum conversion to acetylene
of 34.5 % although they were able to attain conversion from methane to
acetylene of 87 9 % and from coal to acetylene of 74 % (the highest ever
reported).

Mazumdar et al. (1959) showed that the yield of pyrolysis gas depends
on the percentage of alicyclic and aliphatic hydrocarbons which are
valatile, and during pyrolysis they form condensable compounds called ta-s
or primary volatiles (Baumann et al. 1988). In the plasma gas those primary
volatiles undergo further cracking resulting in the production of acetylene
However, pitches such as the CANMET residue contain high proportion of
aromatic components which tend to retain their hydrogen cortent during
pyvrolysis. Thus the acetylene formation mechanism can be different, 1t may
actually consist of only one step - the high temperature pyrolysis of
aromatic compounds directly to acetylene and its radicals. The addition of
hyd-zogen may then occur in the gaseous phase. Such mechanism would favour
the produaction of soot rather than liquid hydrocarbons.

decause of their characteristic composition,no fair comparison can
be made hetween conversion of pitches to acetylene and conversion of other
carbonaceous paterials to acetylene in plasma. However, the low conversion
of the CANMET residue to acetylene would be expected by analyzing the

compilation of the conversion data of coal to acetylene by Dixit er al.

(1982).
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8 O CONCLUSIONS

[he treatment of the CANMET residue in pure argon and argon/hydrogen
plasmas was investigated 1n a stationary particle (semi-batch) reactor.

The conversion of carbon in the residue to light hydrocarbons such as
acetvlene, cethylene and methane has been shown to depend on the plasma
parameters  The conversion was lLimited by the compesition of the CANMET
te s ldue

[he conversiovr to deetylene in pure argon plasma was around 14 % and
1t did not change with the gas temperature, only trace amonnts of ethylene
and methane were observed  The presence of hvdiopen in the plasma pas
Leproves the pvrolwvsis of the residue due to more efticrent heat trancfer
between the plasma gas and the residuc. Moreover, hydrogen takes part 1n the
raseous phase reactions improving, by almost twofold, the acetylene yield
and enhancing the production of ethvlene and methane The maximum conversion
to acetvliene and ethylene (together 24 %) was obtained bhetween 2900 and
3400 K as predicted from the thermodynamic calculations The increase in the
hydrogen concentration in the plasma, above 10 %, did not improve the
acetylene yield but resulted in the higher production of ethvlene and
me thane.

The low conversion to acetylene (and also to ethylene) is a result of
the condensed heterocaromatic structure of the residue, its high oxygen
content and the low cracking temperature. The cracking of aromatic and
heteroaromatic compounds leads not only to the formation of acetylene and
1ts radicals but also leaves the dehydrogenated residue in the crucible.
Because of its low temperature such residue does not react with the hydrogen
in the plasma gas

During the treatment in plasma,the inorganic minerals in the residue
lose their crystallization water (sulphates, clays) or decompose
(carbonates). Sulphur {(organic and inorganic) is retained in the unconverted
residue as calcium sulphide. The released oxygen reacts with carbon forming
carbon monoxide. The conversion of carbon in the CANMET residue to CO is
between 1.5 and 4.5 %. Nitrogen concentrates in the unconverted residue

especially in the lower part of the crucible. No metals are removed from the
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residue during the treatment.

The crucible temperature was lower than the plasma gas temperature
resulting in the slow pyrolysis and the incomplete cracking of' the
hydrocarbons in the lower part of the crucible. Thus hydrogen was removed
preferentially from the residue in the upper part of the crucible. The
formation of the porous layer of the unconverted material at the top of the
crucible suggests that the production of the acetylene was controlled by the
diffusion of the gaseous products from the pyrolysis through this porous
layer. Since the residence time of acetylene (consisting of the time
required for diffusion and the residence time in the reactor) was very long.
a layer of soot formed on the surface of the unconverted residue as well as
on the crucible and reactor walls

It can be concluded that the treatment of the CANMET residue consists
of two stages: (1) reactions inside the crucible which include the pyrolysis
of the hydrocarbons and the trensformation of the mineral content of the
residue and (2) reactions between the gas products from the pyrolysis and

the plasma gas.

.
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9.0 RECOMMENPATIONS

) The conversion of the CANMET residue, to the light unsaturated
hydrocarbons, is limited by the condensed aromatic structure of the residue
and its high oxygen content. However, an improved yield may be realized if
three technical limitations associated with the single particle system are
avoided. Namely, (1) low crucible temperature, (2) uneven cracking of the
CANMET residue in the upper and lower parts of the crucible and (3)
decomposition of the acetylene during the diffusion through the porous dome
at the top of the crucible and too long residence times.

The first constraint may be eliminated by surrounding the reaction
chamber with a refractory material rather than a water jacket. One may use
the continuous concurrent injection of atomized residue to eliminate the
last two limitations. Countercurrent feeding of the molten residue may be
attempted but the problem described in (3) may occur.

If the process is to be scaled-up it is important to obtain energy
requiremert (SER) data for the production of acetylene; hence the
inductively coupled RF plasma torch should be substituted by a more
efficient DC plasma jet.

Most of the sulphur and nitrogen is retained in the solid unconverted
residue; therefore it is not necessary to construct a scrubber for a lab
scale continuous reactor. It is sufficient to dilute the exhaust gases.

Finally, a few words of caution. Usually a high intensity arc is
required to react solid carbon with hydrogen plasma to produce acetylene.
Thus it 1is economically impractical to improve production of 1light
unsaturated hydrocarbons by a direct reaction of the unconverted residue

with hydrogen.
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