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ABSTRACT 

The pi tch-like carbonaceous material obtaincd from the CAN~ET 

hydrocracking process as vacuwn distilled residup was treated in a 

stùtionary partic1e (semi-batch) reactor with argon/'lydrogen 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 tjas phase 

r2act ions lead to the produc t ion of acetylene, ethylene, methane, hydrogen, 

carbon monoxide and trace amounts of ethane and hydrogen sulphide. No liquid 

hydrocarbons were de tected but soot was also produced. Ni trogen is 

concentrated in the unconverted residue whereas hydrogen and oxygen are 

prefe rentially removed. Sulphur is 

reduction of calcium sulphate to 

flxed in the unconverteJ 

calcium sulphide Because 

resldue by 

of highly 

condensed aromatic structure of the residue, the conversion of carbon to 

llght unsatura ted hydrocarbons was not higher than l/~ % in argon and 24 % 

in argonjhydrogen plasmas. The productIon of acetylene WdS optllllized bei:ueen 

2900 and 3400 K. As a resul t of the high ash content 0 f the residue, the 

convers ion of carbon to carbon monoxide is between 1.5 and I~ 5 %. 
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RESUME 

Le résidu de la distillation sous vide dans le procédé d 'hydrocracking 

CMTMET, une substance à base de carbone ressemblant à du goudron, a été 

traité dans une réacteur à particules fixes (semi-continu) avec des plasmas 

à argonjhydrogène. La température moyenne du plasma a été variée entre 2190 

et 4450 K, et le contenu en hydrogène a eté garde entre 0 et 33 % 

Le résultats indiquent que le résidu est pyrolysé, et que les réactions 

en phase gazeu.ë.e entraînent la production d'ace tylene . die thylene, de 

méthane. d'hydrogène, de monoxyde de carbone et de très faibles quantités 

d'éthane et d' hydrogène sulfuré. La présence d'hydrocarbures 1 iquides 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'oxygène sont soutires de 

façon 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 à argon et 24 % dans les plasmas à argon/hydrogène. La product1on 

d'acétylène a été optimisée à des températures variant entre 2900 et %00 K. 

La haute t:eneur en cendres du résidu entraîne 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 civi1ization has 

progressively become more dependpnt on energy sources derived from fossi1 

fuels. Initial1y, coa1, which is in the greatest supply, was the most widely 

used fuel. However, over the last 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 imported oil, has successfully improved 

Fischer-Tropsch process for conversion of coal inta liquid hydrocarbons. 

Canada, which possesses sorne 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 add:tive (functioning 

as a catalyst), and then ta 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) or 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 rE'sidue, contains relatively 

large amounts of iron, sulphur (fro~ 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 $lO,200/day tv'hereas the imtial 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 investnents. 

An alternative process is treating the residue with a hydrogen plasma. 

In contrast to the trad:';'tional 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 ta assess the 

technical feasibility of a CANMET residue to acetylene process. Specifie 

obj ectives were (1) to build laboratory scale equ~pment including a reactor 

and sampling train, (2) to develop experimental and analytical techniques 

whicl) could be u.sed for studying the treatment of the residue in 

argon/hydr-ogen plasma, (3) to inves tigate 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 of acetylene from the CANMET 

residue ln 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 ~esults 

of a thermodynamic analysis on which the design of the equipment and 

experiments were based. The apparatus is described in Chapter 4 while th~ 

resul ts of residue characterization experiments are described in Chapter 5. 

The charae terization of the plasma and reac tor system by calorimetry, 

spec troscopy 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 OF FOSSIL FUELS 

2.1 Introduction 

Very extensLve 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 Orost (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 substr-ate Venugopalan et al. (1980) 

distinguish among reactions in (1) natural gas and methane plasmas, (2) 

pe tro leum plasmas, (3) plasmas in coal, (4) 0 ther fos sil fue l plasmas. In 

addition, they divide each group into reactions in non-equilibrium glow 

discharges and equilibrium arcs and jets. They describe separate ly the 

desulphurization of petroleum and coal, flash heati ng and reactLons 

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 thcre 

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 

equi librium plasma exis ts when the average kinetic energy of elec trons. 

ions, and neutral particles remains similar (Brzeski ec al 1983). In the 

Western literature the equilibrium plasma is denoted as hot or thermal 

whereas cold plasma imp1ies lack of thermal equilibriurn. However, in the 

Eastern Europe another term - 10w temperature plasma - is also used; it 

inc1udes both equilibrium and non-equLlibrium plasmas be low 15 000 K 

(Brzeski et al. 1983, Vurzel and Po1ak 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 j e~ incorporates an arc discharge whose cross -sectional 

are a is artificially constrained. Since higher tempe ratures 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 sorne 

inherent disadvantages (high conversion of feed t~ soot rather than to 

acetylene, Brzeski at al. 1983) of passing hydrocarbons through an arc 

(electrocracking). 

The space which may be devoted to the literature review is rathel 

limited. Hence l was faced with a necessity to confine the scope of this 

survey. Although the investigation of non-equilibrium reactions of fossil 

~uels 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 equllibrium 

conditions, ie. Te z Ti z Tg, have been successfully employed in several 

practical applications. The equilibrium reactions will be covered here in 

more detail. The chemical reaceions 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 dis charges have been 

examined by Venugopalan (1980). 

2.2 Comparison of Homogeneous and Heterogenous Systems 

lt has been shown that fundamental differences exist between 

homogeneous and heterogeneous ceactions in plasmas (Fauchais et al. 1980). 

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 addltion, 

Honda et al. (1985) reported results from a slmulation 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 

1 
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correlate conversion with the argon flow rate, electric input power and 

residence time. lt is weIL 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 I.lnsaturated hydrocarbons was 

enhanced in argon/hydrogen plasmas, and this improvement was not due to a 

direct reaction hetween hydrogen and coal (Anderson et al. 1968, Beiers et 

al 1985, Chakravartty et al. 1984) 

Horeover, there is an interaction between plasma and cooled reaetor 

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 10\0.1er overa11 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 et 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, produet distribution, and specifie energy 

requirement (SER), may be estimated from thermodynamlc and kinetic 

caleulations (e.g. Gulyaev and Polak 1965, Melamed et al. 1965) (SER is 

defined as the amount of energy required to produee one kilogram of 

acetylene, it is measured in MJ/kg). On the other hand, reactions of solid 

or liquid hydrocarbons Ci. e. hydrocarbons inj ee ted in liquid phase) in 

plasma are poorly understood phenomenologieally although an interesting 

reaction mechanism has been reported in recent literature (Baumann and 

Bittner 1938, 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 fir~t industrial process for the plasma production of acetylene, 

known as HuIs process, \.as developed using an e lectric arc discharge 

(Baumann 1948) and therefore it was rather energy inefficient Since ~he 

advent of plasma Jets, at the end of 1950'5, 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.S.S.R. for higher flows of methane (Gulyaev at al. 1963). Initial 

thermodynamic and kinetic analysis of CH 4 àecomposition in plasma were 

performed by Anderson and Case (1962); in the calculations they inc1uded 

Gulyaev and Polak (1965) proved that results from 

therl'lodynamic calcu1ations remain in a close agreement wi th experimenta1 

results They ensured that mixing between cold feed (CH 4 ) and hot plasma gas 

was approximately 15 times faster than acetylene formation. In addition they 

maintained quenching rates above 106 K/s pre'lenting acetylene decomposition. 

It is worthwhile ~o mention that the rate of soot formation is much slower 

than the rate of acetylpne gpneration ~nd hence thermodynamlc calculatlons 

ought to be performed on1y in the gas phase; sorne researchers use the term 

quasi-equillbrium as opposed to full equilibrium w'hen both phases are 

included. Soot consists main1y of carbon but it may conta in very sma11 

amount of hydrogen. 

Gulyaev and Polak' s elegant ana1ysis spurred many papers. Plotczyk 

(1983,1985) has 'lerified, experimenta1ly and numerica1ly, that conversion 

of methane depends on the quenching temperature. Methane transformation is 

essential1y 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. 
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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 resul ts from seve raI expenments 

conducted both in homogeneous and heterogeneous systems Investlgating 

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 ~. 

Il'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 Eramin 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 gasoline tends to decrease conversion to 

acetylene and to ethyle~e Conversion of gaseous or vaporized hydrocarbons 

in plasma was also investigated by other authors Ce g. Endyus'ki~ et al. 

1974, Gehrmann and Schmidt 1971, Gladisch 196 Q), and more reccntLv by 

Beiers et al. (1988). 

Small amounts of liquid hydrocarhons may be produced durLne pl~sma 

pyrolysis. For example, in HuIs process (Baumann 1~/-+8) 23 kg ot benzol 

(benzol denotes a mixture distilling below 100 oC and cOlltalnine 70 % 

benzene) are manufactured for every 1000 kg of acety1enc, w!lereas in 

modified HuIs process (Gladi.sch 1969), nppro'ürnntply 1 6 ' .. of cracked 

propane is converted ::0 benzene. Simililrly the pyrolv'>i'> of lOIH~ chain 

paraffins in a HdCH4 plasma results in about 2 ~ con'/prs ion to Liquids 

However the pyrolysis of high molec'llnr wei~ht cy('loalk,1n<.·~, tillCl nroll1atics 
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(decalin, dodecy1benzene) ln a Hz/CH4 plasma yie1ds up to 12 % of 1iquid 

hydrocarbons (Baronnet et al 1987). 

Apart from processes described ab ove , other interesting investigations 

inc1ude a paper by Il' in and Eremin (1963) about pyro1ysis 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). 

C2H + C2H2 ... C4H3 ... C4H + Hz ... C4Hz -+ ..... CsHz'" .... CaH2 ete. 

However, if the mixture is quenched the C2H radical may enhance the yield 

of acetylene (Plooster and Reed 1959) Krukonis ard Gagnon (1974), using 

deuterium and De. invest~gated mechanism of the hydrogen quench. They 

dètermined that hydrogen is a more efficient quenching medium than an inerc 

gas as helium, argon or nitrogen. However, they were noC able to exp1ain 

this difference by vari3.tions in the conductivity, diffusivity or heat 

capaeity of the mentioned gases. EV":lntually they suggested a chain mechanism 

that was ini tiated by acety1e:1e fragmentation into C2H, C2 , CH and H. At 

10wer temperatures, the chain reactions were terminated by recombination of 

C2H and H or two CH radica1s. 

Sundstrom and DeMichiell (1971) performed a numerica1 study to eva1uate 

different quenching techniques: rnixing with a co1d gas, injection into a 

fluidized bed, con tac t wi th a co1d surface or evaporation of a 1 iquid spray. 

The first two techniques provide the fastest rate of quench - above 10 7 K/s. 

Quenching by contact with a cold surface with the rate of quench greater 

chan lOô K/s is common1y used in a laboratory scale equipment. There are 

~everal pubi ications on theoretical and p.umerical aspec ts of these 'luenching 

techniques (Bukhman et al. I965a&b, Khait 1965, Kurowski and Lesinski 

1978); quenching by an adiabatic expansion is described by Spangenberg 

(1981) and Dessau et al. (1985). An experimenta1 comparison of some of 
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quenching techniques may be found in (Drost et al. 1985a); quenching by 

injection into a f1uidized bed was studied by Go1dberger and Ax1ey (1963). 

An increase in the concentrations of acetylene and ethylene in the 

product gases as weIl 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 tempe rature is 

decreased due to the evaporation of 1iquid and heating up of gaseous 

hydrocarbons. Also, quench hydrocarbons are decomposed in endothermic 

reac tions to C2H2 , CH 4 , Hz and especially to CZH4 This resu1 ts il1 further 

tempe rature decrease (P1otczyk et al. 1986) and it may be described as a 

chemica1 quench. The second stage is realized by uti1izing 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 oC, concluded thal che primary rupture 

may be represented as CH4 ~ CH2 + Hz. This result was soon disputed by Rice 

and Dooley (1934) who did not detect methylene radicals (GHz) but instead 

observed methyl groups (GH3 ); they represented the primary step as 

GH 4 .... CH 3 + H IJevertheless the Kassel' s mechanism, sligh tly updated 

(Shantarovich and Pavlov 1956), has been repeated1y ~pplied, for over fort y 

years, in simu1atioll of methane decomposition in plasma (Vurzel and Polak 

1975, Kurowski and Leslnski 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 

tempe ratures (Frenklach et al. 1984, K10tz et al. 1983, Koike and Morinaga 

1981, Spangenberg et al. 1986, Tanzawa and Gardiner 1978). Borger et al. 

(1982) and Spangenberg et al. (1985,1986) sho'.ved that decomposi tion 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 inc1uded medsurcments 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 a1though thermodynamic calculations 

were successfully applied by Gulyaev and Polak (1%5) to methane. this 

approach may not be as accurate for other hydrocarbons For lnstance, Il' in 

and Eremin (1965) demonstrated that due to the dlstinct kinetic mechanlsms 

the plasma deeomposition of n- and l-octane showed differen:: produet 

distributions. A variation in the product distribution was aiso observed by 

5eien, et al. (1988), who maintained G/H ratio, temperature and pressure 

constant but changed feed hydrocarbons, C/H = C in hydrocarbon / (H in 

plasma + H in hydroearbon). This is yet another proof that reaetions in 

plasma are kinetically contro1led 

Conversion of propane to acetylene ln 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 Cl -C,. hydrocarbons changes the product distribution (Moisyeyev et al. 

1<;86) 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 meldl~ vapours tend to dec=ease the reaction 

temperature required for maximum yield. Meubus attributes thcse phenomena 

to catalytic effects taking place on surfaces of minute metal crystals which 

condense dunng quenching In addition in the presE:nce of aluminulll, C;:H 

radicals are preserved by energy transfer from excited Al atoms during the 

quenching process The effect of irradiation bl' UV light, dunng cracking 

of propane in an argon plasma gas, is investigated in l'et another paper by 

the same author (Heubus 1985). 

Drost et al. (1985a), performing experiments in a single pulse shock 

tube, found that even sma1l addition of ethane (less than 5 %) to rnethane 

may improve yields of acetylene and particularly ethyle:1e - up to eight fold 

at 1500 K From the decay curves they concluded that ethane is pyrolysed 
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fas::er than methallc, Tlu'y thc>ori;::pd Lh.lr CZH5 radlc,ll., W('1·,' It",pnll',lhl(' for 

d better conversion ta ethvlVI1L' 

2 3 5 Plasma Redctors 

In initL:i1 exper iments Leutnel- and Stokes (1 tJ() l) ,lt t '-'mpt pd tn \1',(' .111 

aq)orl/metham' i?L1S103 jet ta produce acctylene llow('v('r, till'Y W"I',' 1\ol .\b1<.' 

to control heat trans[er to tl1l' tUt1gStl'll c.ltllod(' wllit'h 1J1I'1! ('d 

in~tantaneo\.lsly Gulyaev and i'olak (l<JhJ) wer.' Ilot onlv C.II',i1llt' (lI 0P('l'dtlll/', 

their toreh with a pure hydrogen plasma but a1so tlH'Y Sllcceedt'd ln d(·',igning 

a reaetol' in whieh the rnlxing time betwcrn hydro[',C'11 ,lm!lflcth.1110 \.,,;1'; 10 ~ s 

Processlng of hydrocarbons ln thermal radia fn'qut'l1cy (RF) r<.'ilctor, 

inducti ve1y eoupled, 

(1977,1983) The residenec times were betwcen 1i·8 ms, O'ler 110 tinws 10ngC'r 

::11an optimum, l'esultine in sevrre decomposition of ac('tvlrllC' to ',oot 

Furthermore, mean exit temperatures were between 3000 and MJOO K, t'h., 

optimum temperatures caicu1ated ftom full thermodyn .. lInic equllibrium, 1: .• ,J 

ciear that RF reactor is not weil suited for production of acctylcne but llIol,! 

be successfully employed in manufactur~ng of acetylene black (Bolouri lrj~ 3) 

Appllcation of a capaclta~lvt:ly coupl,'d RI- uLl<,md lor Lh('lïn,d pjLoIY'~l 

of merhCine dnd heavv oils WdS studlPd hy v.ovPI1(r (l'/Hl) // •. (ol!f.11Ir!v(\ th,ït 

RF pL;1sma jet: 

especia Il; DC 

pyrolysls of hydrnc.:lrholl" m,IY nu! 

de'llees ln industrial ,lpplic.lt:irm'; 1 t 1:, kllo',.,rJl thal 

capacitatively c01.lpled i{F pl.:1sma torche-, have el flCi('l1cy of on]y :'?(J.J() 't 

(Brzeski et al, 1983), Ibcrson and t;hrJstofides (l r)!7) rf'port(,J I,t) 1-

E'fficiency frlr thelr toreh In spi::.., of tlll'se drol'...,])o1ck-, PI-' tnrclw'; .11'(> irl(',l! 

L)boriJt()r~l tonls '';lI1CC- thû'J do Ilot cont,11111na::-f> th" pl ",111.1 )',d', 

An interes':.lng re.lctor ff)r Il:lrlnJCdrbon prfJl.('·.',illl~ l', r1(",crib .. d in d 

rec2nt patent (Hoffmann et ,'11 1 r'8 '3 ) 

grarlll~e throuEh ',Inch ~c'.'(,l-oÎl hole', "re rlr1.1Ir·d. p.Jl'dJlp] 'u ti", ,1':1', of 

the [e.:letor Li'lu1d or llf!l\('fi.dJl,. h:/rI!';t:dr!>fm', .JI.' f,·d lld') tll(' ,~r .. phit" 

illllng at: the b')ttrHn ui the rC,<lcuJ\ '\', ~h(,! fio',} lJl",.,rdld·, tlle'l dlf ",,]>011,:('(\ 

3nd élre e'/pntualll lnj'-.C::L!rl into :11(' l'r,l('lOl- dldl'IIJ"r 
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Sorne aspec ts of the design of a plasma reactor, including selee tion of 

its shape and scaling up equations, are discussed by Szymanski (1978). 

2.3.6 Specifie Energy Requirement 

Any indus trial prùeess of plasma production of acetylene, to be 

commercially successful must minimize the consumption of e lectrie i ty. The 

following discussion will be based in part on a paper by Krukonis and 

Schoenberg (1968) Decomposition of methane ta acetylene is an endothermic 

reaction with energy consumption of 354.4 kJ/Cmol of acetylene) or SER = 

13.6 MJ/kg. Assuming 80 % conversion of methane to acetylene and includlng 

the sensible heat for heating a plasma gas and methane to 2000 K one obtalns 

SER of around 17 5 :1J /kg. Energy lasses from a reac tor and from torch 

e1ectrodes tend ta 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 ta acety1ene and ethylene is credited with SER of 22 MJ/(kg of C2H2 

and C2H4). 

A more refined analysis of SER for methane conversion ta acety1ene in 

a plasma process was performed by SZy'llanski (1977) and by Szymanski et al 

(1978c) . 

2 3.7 Indus trial Applications 

A comparison among existing industriai processés as HuIs (Baumann 

1948), I-lestinghouse (Fey et .:11. 1985), Du Pont, lIIodified Hu1s (G1adisch 

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 HuIs, Westinghouse and Du Pont utilize 

electrocracking technology whereas modified HuIs, Hochst and WLP employing 

plasma pyrolysis process, accept liquid and gaseous feed. The HuIs process 

has been in operation in Germany since 1928 (Foster 1985). The Dt.: Pont plant 

in Montague in the U S.A., came on stream in 1~62 but it had ta shut down 
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ln 1968 due to the contracting market for acc,tvl"I\(> ~r:lI..,hl1l'l- )'IH') ,llld 

reduced cost of calcHun carbldl' r-!,lllufdcturing CO!,r.., Dt oI('(,tvl"Il!' III tIlt, 

Huls or the Du Pont plant were apprOXllllatcly equ.!l (l'ol,lk )'l(J/) 

Orost (1978) and Brzeski et: al. (1<)83) givp ill[orIll.ltion ,i1lOlIt pilot 

plants in Romanid (in Borzesti, 20 kW), in Czec!1o!-'lnvaki.l (IInllln pr()cl'~,!" 

35 kW) and in Poland (in Tarn6w, 100 kW), nevertl1C'l('<,~ it je; not ('('n.lin if 

these installations are still ln operation, Therl~ ,11-(' no d(,t.lÏ ll'd d.l~,1 on 

pilot plants ln tht' li S_S R although it ,IPP'·dl-'. tholt :1)(' 1-''',('011,-11 l'. 

conducted not on1y HI Hoscow but ,11'.0 il1 A':l'rlJdIJoIll (t·It'bk-Z.ul(' ,'f ,Ii 

1975). ln Byelorussian (Zabrodln eL.Jl 1973), in KIr!'.!)!;: (Kolo!Jovol ('r .11 

1984 and 1965), and in L1J ik (Novikova eï .11 l')H!~) SOVll't j{('P1\IJI1"', 

2 .:. He terogencous Svs tems 

24,1 Reactions of Graphite and Coal ln Hip.,h lnt('lI',ltv .\rc', 

Several klnetic and thermodynmnic studuè'" 011 n',lct Ion', b.·t',v('('!l Ldd)o!l 

and hydrogen at high tempe ratures were reviewcd !Jy Cl.11k!· (l'/rJ !) TIH'Y 

included papers 0:1 graphite rads and tubes, on fb.pd h(·d·,. on l'.r,lplllt(' 

filaments dnd on high intens lty arc~ 

Baddour and Blanchet (1%/1). and Baddour olnd IW.l'.';!. Il'I();'). Il',inij.l 

consumable anode in a hlgh intens i ty arc, produced .1(,(' t :/11'11(' ,lnd (OI1<!(·I1'.('d 

carbon The concentratlon of acetylene 1 n .1 

hydrogcn/lnert 8<lS pld~l1lR., and ':>2 ~ '"lith I.wth,me f(·('d, '.llppOI t 1111', l'!"()','('l 

and Reed's hypothesis (19')9) thdl C;:J1 r,1<1ic.ds ilTllHov,' Ih(' ,j(p(';I('IH' '/1I')d 

Leutner and Stokee; (19111) produr::ed ',lTlall ,llll()lllll 01 d( «(",1"11' 1,'/1'-"<\111/', 

pm:dered carbon li'to cln ar~()n/11'lr!ro(~"1l J'" "'hl', ('(Jlllll.!I', Il., "":' J,,'.I('II \''1 

Baddour and cO'.vorkers th;-,;:: a pla',lnd Jut r",t<::"r l', I:I!"I!()!- l', d llli'.11 

intensity arc reactor [or ln'/f~stig,lt Jon', of t!1l' kllll't 1", ()! :(>,1<'11011', 

between carbon and hydrog(;n at Il q.;1 1 tr'mp('l'dulre', ~;':IJ'.' 'llji'lll 1',0, ('1111110111 (.( ,Ji 

d964), Krukonls and Gdf,non /1'J7'4) il'. 'd('11 ,l', Vrll~(J11J', "nd ',,.J'''I :ll"'li~ (J'd,X) 

'lc,ed an arc reactol- in deC(Jmp(hÎtiol' (Ji Cf);l! 'dIH'!'"( ',', ~ll" (r dllrl V"II:I.l1I (l'j,",) 

employed .:l carbon ",lodr' for arc S";llt!J,'.:', {Jf j",'rll"JI'oIrI.(.!!'. 
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2.4.2 Inorganic Matter in Coal and Addition of Catalysts 

Certain interest.ing 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 I-'m, 20 % of the Si02 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 overali conversion éind on the yield of acetylene in 

particular. This was experimentally verified by Bi ttner et al. (1985) for 

South African. German and American coa1s. as '.vell as by Chakravar'=ty 

(1976,1984) for Indian coals. In general, decomposi tion Qf coals wi th hlgher 

ash content increases the conversion to carbon monoxide at the expense of 

the conversion to acetylene, i. e. metai oxides are reduced by the carbon 

content. 

The effect of sorne catalysts (cobalt molybdenite, zinc chloride and 

calcium chloriè.e) was stldied by Anderson et al. (1968). An addition of 

CaC12 to coal, duriné:, processing in an argon/nitrogen plasma, resulted in 

an increase in production of H2' CH 4 , CZH2 and HCN. However, in an 

argon/hydrogen plasma the presence of catalysts decreased production of CzHz 

and HCN by as much as 50 %. 

Sorne coa1s may contain su1phur bearing mineraIs as pyrite (FeS 2) and 

pyrrhotite (Fel-xS), At high temperatures, sulphur from the decomoosing 

sulphides reac ts wi th carbon and hydrogen ta form H2S and COS Sulphur 

absorbing compounds (calcium carbonate or potassium carbonate) may be added 

ta the feed; during process ing they form CaS and KzS (Bozzuto 1984). l t 

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 \oJalls and d plasma gas 

are considered ta be not important ~Szymanski 1979). 
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;: 4 3 E f f e c t 0 f G r .:11 11 Si:: co a Il J () [ VoL 1 tilt' COll t l' Il t 

A surnmary about diff,>n'nt proc(,::'~.lll/" P.lLI1111·tt'l'<, .Ill.! :11<'11 11II1'"lt.lllll' 

on converSlon of COJl to acet':lene was givl'Il by Klllc.:vd.l \ l'I/H) SIIj(" tlll' 

size of coal pi1rtlcle~, tlH' dlllOllllt and type of VOi.lt Il,,,, jll' .... ·llt 1 Il cll.il .1', 

'well as pldsma 8.1<; .lppe,ll' to he ('xtrL'Illl'}v !,if,l1lfll,1I1t tlll'''' ',.JIll h,· 'llVI'I,'t! 

here ln more de ta LI 

1:: is unl'.·c~)"c"dlv ac('(ptt,d th.il hq',lt"l' COII·.','I"o!IlII'. tel ,1<1'(" l "Il" ,II' 

dctlleved with JpC!'P"Sll1g gL1l11 'd:l' (Ji "().d, bl·lo\.; III IlIlIl'(),il p.llt t,-}, .. , :1'lld 

to agglomerate, Conversion of coal ta acpty}p!ll' IIldy Ill' Ill,'l'(',l''! d 1> ... IdOpl'l' 

selection of size distrlbution oi coa} p,lrticle!, W!Jlclt WOIl}" hllr',! III th" 

plasma Jet due to d fast Llberation of '!oLlt 11" lll.\t 1'1 1. il \ 1".1\1111 .. 1111 et .11 

::'988, Bond et al. E l 6ô, Kozlo'J.l [lne! KukhLo l'J/(J, r:ul,',":d'oi l',,}:) 

process is aided by lowenng the pr(>s~l1re in 01 l"e,le l'Ol 

rh i " 

The rnaXlmUf!1 conversion of coal is cOllstrail1l'd bv titI' .lInOllllt of ll"'''l!)!,,' Il 

lnitially present in cOLll (CIl! r.:1tio) ,md it~ dlc>tnhlltlOtl .lill'lIl,' .tlll,lloltl' 

alicyclic and arOm.ltlc hY01'OCc1l'hon<> (Ch,,!:r.lv.ll'ltv "l,Ii 1 1 l,) l',: 1 t !l,') l't 

:,d, (1985) reported that "the Jndxlrnulll ,lcclylf':lP 'II " } ri \.Jl} 1 

obtainable in the transitlonal rail!:" bel· .... C'(·ll hll,.1l .1:101 1111'.\111111 '!Ololtl}\, 

bitumlnous coals " 

It \las determ1npci thdt dddl tlon <JI h','droi~"11 t () "II ,111',011 1'1"'./111 "liI, dl< ''', 

convprSlon of coal to dce:.ylt>n'~ b'l r01lghl,! t· .... o ~IIII(·!. 11\lt r 1/1'1 ('1 ,J: 
~acholson and Li::tlewood 1')72. SZ:Il11.111<..k1.1t dl 1 'J ;' ,t~. i / .1 r If! l rl ri'. 1 (J! t ().I 1 

è:-..tracts by eVèn thrf'e tllnes (!\1I1c::vcv.1 l q 7/, 1 'Ill (. '; rI' } ,! 'J ! ' .' .' 1 : l , ri' 

increases rapidly bf't'Je~n 0 .1['(i ln 'j,. ur h'ldro)',"lI III 1,11'11'01. (1 • /,'1 1 t 

levels off for hi';her hydrop,en conc('nt.rat IOll', 

3 carbon basis, wnh 10 :l; l~ydr()g(,ll p},"I',III<i 

Slmilarly, Kawana at 31 

.ln argon plasma, at 'lery h~i~h c)!.J~ of ,.H(, :1 JjVi', 

Reaction of coal ','1 th ,j !:';rlroi:"ll pl.i'.:n. Il '('!:", . N(' j'),' 1:,,011(','01 

pyrolys lS and h:;r1ror,r·nn t Ion 111 t L" I~"" 1,1:01'". 11',' • r 1: I! il J f J t ( : .~. ~' 1 P , 1 
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limiting step is pyrolysis of the coal itself which requires approximately 

4 ms. Primary volatiles which are forrneà 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 temperaturr:! should be high enough to promote 

bursting of coal particles but not 50 high as Co result in the formation of 

soot 

2.4.4 Gasification of Petroleum, Coal and Other Fuels in \~ater Plasml.s 

If a carbonaceous material is reacted with a water plasma H2' CO, CO2 

and small amount of hydrocarbons are formed. This method is suitable for 

production of reducing gases. For example Gauvin èt al. (1983) and Stuart 

et al. (1984) were able to produce a syntheslS gas \Vi th H2/CO ratio of l. 8 

from dried and ground peat Since they obtained a carbon conversion of 89 % 

they concluded tha r their process, \Vith slight modifications, could be 

lndirectly used for methanol producti0n. Produc ::ion of the synthesis gas, 

from a variety of substrates, was reported by Camacho (1985). A similar 

stndy but wi th an argon plasma was performed by Huczko et:: al. (1987). Muller 

et .<d. (1987a) demonstrated the feasibility of using the HuIs process for 

the production of H2 

Kubanek et al. (1985,1986) reported converSlOn of up to 100 % of 

Alberta heavy ail in simulated steam plaswas. Oth.:!r res.:!archers investigated 

gasification of coal (Belov and Romas' 1978, Dobal 1978, Kolobova et.3.l 

1985) or oil shale (Nur~H.1ltanov et al 1974) ln true water plasmas 

Decomposition of coal and liquid hydrocarbons in v:ater-/air plasmas was 

reported by Kolev and Georgiev (1987) and Yakovlev et al. (1982) Papers, 

on simple ï.lodels (Dobal 1978), engineering correlations (Kolobova et al 

1984) or simulations (Lesinski et:: al. 1985) involving chemlcal reactions in 

wacer plas~as, \Vere published 
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2,4 5 Plasma Reac tOl'~ 

Reaetors used for gasrou.s systl'InS ,Ill' ,Il',() ,lpl'll,'d III 111')(1 ..... 11\)', (l! 

liquids and SOllds Additionally. thl'r(' ,11'(' !'I!VI'rdl l'{·dltlll'. d,"',·lnl','d 11111 .. 

for heterogeneous systems For pxnmplt'. VI'I1UgOp,tldll (,[ ,il ( 1 (1 H Il ) l " \' l , •• " 

submerged arcs :n petroleulll and llquid hydroc,IJ'boll" l'"dn ., .... , \' <'1 ,1 i 

descrlbed a st:ltlon,lry rCclctor ln WhlCh ,11/,,01\ Jl.'l l'. dl!"( ;,'<1 .\t tlll' ',\\1\ 1" 

of Kerosene ZaIn-odIn l't: dl (1'171) COlllp.lll,d C()lltllll.'II: .111t! ,'(llllll, 1"111'11: 

modes of petrolcurn lnJ,'ctiun lr.t.O I1ll1or,t'll .Illd 1IlI't!t.lIl'· '11·:dllH'.('11 1';.1'111" J' :'. 

They conc1udcd that, for hcterog('ncous sy~trm<;, bolll t ]11' (lv"!".lll ,'OIl','I'1 ',1011 

and acetylene yield are impr~)vcd ln CO\1I1tl'rCUIT.'Il: oIrr.lIl}',1'1II1'1J! JIll' 

countercurrent technique '"r,lS fl l'st drv('lop\'r! by ~l(1',·ol· 1'1 1 .. , ( l'Ill ) 

dn example of sueh il l'caetol' 1S givcn b:' Drost L'I .11 

In 8eneral. the processlng of coa1 1', !prfOIIll('c! 1'11111'1'111 ·,t.l! 1111,11" 

or in flo'N l'eactors. Statio!1ary reactor~" invol'J1Il)'. "oIr!lo!l ,·I,,\·tIOc!'''. 'li 

corrpacted beds, \>lE're used by Amman et .11 

(1962,1964) as we11 as by Leutner dnd Slok!", (l'l(ll; A "t .. ! IOIl.!I? "jlOllt,·t! 

bed reactor was oprrated by Bal ct ,'11 (l!}71) 

KraJe'"rska (1971) stud1cd operation ot dnoLlH!r ',t ,'II IOll.!!' 1 1"",11'1 ClI - j 1111dl."''! 

Ilj ill ,,':rI' "" 1 

111 spo\lted brd dnd fi uldlZ~d b(>c! r.',Il·tOI·, ;,' 1 

modes Al though, tlw countf'rC'J1Tenl iIlI·tho<! '/1"ld', Il l "Ill 1 ',1111', :-".11 l ' 

(1985), at thls time, the conCllrrpnt tc·chnl<!,lt' ',1"11", :,,1)1' '1'111.""111'1\. 

often (e g Baumann all(l Bi':tner 19HH, Eunrl (.~ ,/1 l"()'), ,,,,, .. ,". ,·r ,: 

è:ichol.son and Llttlc'""r.lOcl 1')72; 

2 4 6 Production of Acet';lf'!1f' fro!n ru,il 

th.1.::: a chi e '.1 e d (> C ') n () If, , C:l 1 ~li1d te clin l ",j! . r,;j : '1: 1 ! .; , : . . \ , 

sca1e industrtal pl.1n::-, l : 1 r ,1 : ; ,),1 : l .,. ~ '1' : l 1 ' 
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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, HuIs in 500 kW unit and Avco in l 

MW reactor. SimilarIy, they employ a hydrogen plasma with hydrocarbon 

quench, they opera te at pressures below atmospheric. HuIs D. C. reac tor is 

stabilized by vortex while Avco utilizes a D.C. rotating arc reactor. They 

both claim analogous conversion ta acetylene of around 50 %. According to 

a financial study, in 1981, a total cost of a kilogram of acetylene produced 

in AVCO process \.Jas estimated to be 44.4 C (Patrick eC.21 1985). However, 

the net cost of production of C;:Hz froln AVCO pilot plant \vas e",aluated to be 

24 % higher than from thermal decomposition of hydrocarbons in a Wulff 

furnace (Fauchais eC al. 1980). 

2.5 Sorne Economic Considerations 

One should realize that i t is 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 shou1d be remembered that acety1ene 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 

wlll increase by 6.4 billion kgjyear be'C'.veen 1990 and 1993. 

Lastly. predictions that plasma process ing of hydrocarbons would 

become important were based on two assumptions. (1) cost of fossil fuels 

would increase and (2) cost of electricity would t:end to decrease. Neither 

of those predictions was fulfilled over last decade; according to Nelson, 

Fanar Cost Index (published in Oil & Gas Journal) cast of fuel actually 

decreased by more than 50 % between Ju1y 1981 and January 1989. Over the 

same period cost of ethy1ene increased marginally from 6l. 7 C/kg (Patrick 

et al. 1985) to 70.5 Cjkg (as given in Chemica1 ~larketing Reporter, 12 June 

1989) . 



3,0 THERMODYNAMIC INV}O:STIG~:.rlD~ 

The consideration of the equilibrium compositloll 01 pl,IL.IIl.! '.V',tt'Ill', 

provides useful information about the optlmum oppr.it illg cOlldl t l()ll~ Ih'l'.lIl'oI· 

of the kinetlc limitations the exact product di<;tnbut1<l1l 1 rom tht' pVloly',J!. 

of complex hydrocarbons in the plasma (',II1I\Ot 1)(' d('tt·lllllllt·d Il ('Il! 

thermodynannc calculatl.ons (Chapter n The' obJ(!ct iv(' n1 thl'. '.tnclv W,I'. III 

<1SS1st in pLll1nll'" ,In ,"\pt't'ill'(·l\t.ll prl)~'.r,lln for th, 1I,·,Jr:.!l'lll III ~jil' (t\:~:111 

r'ès .. due ln 11:, o 1"0 i'.l' Il pl.,o.,lll,I',, ,lI1l! e!,pecI.illy (II tll cI"l"IIlIIII" :11,' 111 .. 11'111111 

vleld of the unsatur.1ted hydrocarbon<; as a fUl1ctllll1 of rh., (!\l''lIl'hlll)', 

tempe rature and (2) ta LnVestlg.lte tht> cancentr,llioll 01 P()t!'llt l,li 1 ... j,·th,il 

gases in the products, 

In general.tlie equil1brlum COlllpO<;lllollllldy 1)(> cdl('tll,ltl'd l'ItlH'r Ilv tlil 

classical equilibrium constant m('thoo or bv tlw <lll"('Cr fn'p-i'lIPI/',y 

min1mizat1on lIlethod. The l.:1tter. whicn i'- n')w cOll'lIlollh Il,,.'d, W"'. dl'\'(·loj!l'd 

Sardon (1966) In brief, lt is bolsed Oll the mÎIllIJIÎ;:oltIOt! of tli. (olbb·. 11','(' 

energy at cons t.:.nt temperature a:ld pressure lO dl' lC'nri IH' t!1f' cprnpo', j t Î on 

subject to the element balance con::,trinnt ln olhl'r words, glVPl\ d CI'I'!.IIII 

~/H ratio, temperature and pressure, and ilssllmll1g ,1 'd·t o( COlllpOlllld'. (Ot 

which the Glbbs free encr/"y of formation l!. ~'n()Wll tljl' "(lllll:l,rtll!' 

composition can be uniquely calculo1tC'd tiUIIll' l' l Cd] ,dr,or:ti'ill'. flll tll" 

calcula~ion ot chemical e'11!illbrlII1ll ',",pn' P:·:ti'll',j.""l', 1",":1"'",,(·1\ 1"1 :;1111111 ,Illd 

:'llssen (1982) 

of the CA~;1IET residup as f:i'/(:n 1L Tolnli' ') 01" (lll ,j 1I101,f1" bol' l'. 01'. 

CH. 0601N,) Oll~So ']:72°') O":2 wlth oÎ (;Iille'clI),lr ~i'li'ht n( l', 

of metal c:udes (T,lblE-- J 2) Wl're 1l0, l:.cl'Id,'d Iri 

computation of the dlstrilJ\ltioli ()f rh( rni·l.d~, ,lll1nll)~ ,j 1.11,',' IJlllflllf'r rd '.r>1:d 

phases was not justified lr1 ':[(''''; ,d t!if' dPPII\·:i:r ... '(' . h .. ld'l,'r ,,( th·· 

thermodyndmlc calCll]ati011o., In .i'HltÎrJ!1 rhr' (_I.·,~ I)f '!,,' , ,l,·ll.1t 11'11'. ',J()'lld 

h,J':e been subs tant ia] 1 ... inc n .1'.t"! 

Duff élnd B'::,'1cr ,1':1(,2) r',l';',].,·_,r1l:l,nr"r!·/:,lllll' t·,r.,tl'l:" :"101 :.01)'" 

,'umhf,r of !";"Il mo}(·r:ldc'.s Th"'1 ,,:,I)',:r,r! 'tl.l' ,,("'1 ':,"11' :,r.r! ',.dr,,, oIr!",r r .. rI!, .. I. 
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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 ana1yzed by Marynowski 

<:lt 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-O system using an example of a fossil fuel with the 

formula CHxNo 01 So 00400 065' 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) availab1e 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 a11 taken from the JA~JAF 

Thermochemical Tables (1971) 

The functional re1ationship between the absolute temperature and the 

heat capacHy was computed by curvefitting the data from the JANAF Tables 

into the form; 

(3.1) 

uhere a, b, c and d are constants, T is absolute temperature in K and cp is 

heat capacity expre.3sed in cal K- l mol- l . 

The entire temperature range was subdivided into two intervals 298 to 

2000 K and 2000 to 6000 K. The coefflcients of the equation (3.1) are 

presented in Tables 3.1 and 3.2. The accuracy of the least squares 

calculations 1S good wi th a maximum error of 2 7% for 298 - 2000 K and 0.3% 

for 2000 - 6000 K. The heat capacities nt high tempe ratures are easier to 

fi t since they do not change rapidly. The coefficients a, b, c, d '",ere used 

to create a priva te 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 klnetic considerations (low ra tes but high 

thermodynam1c stabilities), those compounds were not included in the 
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computa t ions 

Simple ca1cu1.1tions ',.;('rt' lwrfolïnl'd lo Vl'Il!\, th., 1,ll'II.l!', 1'1 •• ,',1,1111 1.1 

part of the r*A>':C'\-T system) 

containing CH 4 , CO. COz. Oz. 11 2 <inti 1120 W,IS ca1cu1alt'd dll(" t Iv tlOIll th.· tl"" 

energy values by using the programs [rom ApPl'ndl"I'<' A.J 1 .md p..) .' ot ~1JI1 t Il 

and Missen (1982) The agreement betw0,'1l tlwsp Collcu};I! 1011' •• lllti th.· FI,lllIIIH 

resu1ts was wi thl.n three percent 

Table 3,1 Heat Capacity at Constant Pressure for C-II-N·S·!) 
Compounds in cal K- 1 mole- 1 ; R,lll~l' ~(JH-2()()() ~: 
(curvefitted from JANAF Llbles) 

no 
1 C 
2 C 
3 CH 
4 CHz 
5 CHzO 
6 CH 3 
7 CH 4 

8 CN 
9 CNz 
10 CNz 
11 CO 
12 COz 
13 COS 
14 CS 
15 CS z 
16 Cz 
17 CzB 
18 C2H2 

19 C2H4 

20 CzH40 
21 C2~; 

22 C2Nz 
23 CzO 
24 C3 

25 C,Oz 
26 C4 

27 C4Nz 
28 Cs 
29 Il 
30 HCN 
31 Bca 

compound a b 
carbon grdphite 2 ~/I/ICJh 3160b2 
carbon monatomic 5 00382 -0 01271 
methylidyne 5 7797CJ 2.2hOCJ7 
methy1ene 6 03657 G SSl6(J 
formaldehyde 4 97791. 12 9');/.<) 
methyl 5 35168 12 01iJ/,6 
methane 2. 'H)L~32 18 1,6Hb 3 
cyano 6 O/~ 789 2 332(,7 
CNN radical 9 87687 I,082()() 
NCN radical 11 67918 J 385h~ 

carbon monoxLd~ 5 7610h 2 78658 
carbon dioxide 8 78884 ~ IhOh2 
carbon oxide sul 10.50338 /, 3J88 r) 
carbon monosulph 7.02220 2 ()71~ 1 
carbon disulphid Il 84482 1 I~Oj8 

çarbon diatomic 7 49641 0 85~08 

CCH radical 8.>2 /167', 62')()5 
acetylene 10.47363 7 576S7 
ethylene -; .115/,7 20 3157/, 
ethylene oxide 9.3h893 24 4hH3H 
CNC radical 12 21787 '1 (Jl50n 
cyanog.:m 13 36416 6 1) ~(Jf):' 

CCO radical 9 63186 ~ 6//HR 
carbon trlmeric 9 ]2810 S 2.7371) 
carbon subo:üde 16 233 /,3 ') il211 ')() 

car bon te t rat 0 In 1 1 3 0 UA C) 7 3 6 1 l, ') 
tetrac,uhon dir.i 21) ()}I,2/. lU 'YS li l, 
carbon penta tnInl 1 ri 70/,H') ') Ilr) Il ') 
h:;drogen rr~ona t.om 1. r,{,SfJ(J IJ (JOIJ()I) 

hydrogpn c:anirl(· 7 'JJ!,!() '.; ,l'J('!') 

formv1 ') '.;/1{,1)0 ( (J')'),1) 

c d 

-1 (,0,', ') l ·1 \)() l'III 
- 0 tH)I, () () () () H) 'j (, 

(J C) Il ()I) • () ,,1 (J:j/l 

-0 V,l (lH l ',/,,)H,' 
-(J 1.',(,,"I·l ,lh.'!!) 

() (j(,il/ili .> 'lIl, ni 
() \'1,>,)'J ., ~Idll, 

() )._~)')H ·1) ll/"j,"1 

.(J HI/,/,'I .() 'I/(),") 

·1 H'J/,') \ ·11 'U.!;'11 
o jH~i,l .(j h"l.'~ 

. 1 l () .~ Il l l, /" (, '1 

·1 (,(J'l'Ji, ·1 l11l') 
- 1) :d'Jld .1) f) " ;' (~ ~ 

- 1 
2 ') 1 ') .':) 

-08'J'l()') 

-11{j'l1,1 
-2 30) I() 

. () HW) 1 IJ 
1) (J01!, 

- () 'J ,l{»)'! 

- l ') 1 l, ),' 

,/, 'If)' l', l, 

- l, i h () :~ [ r) 1 l 'J() 1 ) 

-: il H r) '4/ . 1) Hi" (l' 1 

- 1 l, IJ H ":l - 1 " f, 1 1 ~ 
-(J il:?.' '1 1 . 1 /"L':~ l 
-1 2'){)/,,' .: ~'I 1 II 

" () 'J 7 I,IJ .' ') l, l, '.' 

.:> (J:J (J Kr) '1 l,f)/'J 

-/ K')'l/,I '~1." •. ' 
) If .. ~,Jlj / ',~ ~/f 

1) IJ(J')()I) () (1 1,'1',11 

1) !I,') ;() 1 ~rl",) 
() () 1 ( , ',') . 1 ,,/ (, ~ l, 

32 H~;CO iSOC"lélT11C aciù 11) ():,'l" ; L'},'.] .[ i,' ','" 
]'l m;o nitro:-:-/l h::d:-ldl () ~,1')1,7 ,) J',I)'-)', -1).':,:1 .1 ~ ,'; '. 

"!,i ,I} 
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35 HN02 trans - ni trous ac 19.31528 0.15793 -40.00383 -0.01266 
36 HN0 3 nitric acid 14.05816 10.54997 -3.83503 -2.73746 
37 HS su1phur monohydr 6.40026 1. 62150 0.83593 -0.23662 
38 H2 hydrogen 6.75908 0.22469 0.05311 0.25860 
39 H20 water 6.15630 4.29092 0.58747 ·0.62740 
40 HzS hydrogen sulphid 5.81754 6.50373 0.48434 -1. 45415 
41 HZS04 su1phuric acid 22.71293 12.51363 -6.24166 -3.10009 
42 N nitrogen monatom 4.96941 -0.00261 -0.00069 0.00116 
43 NH irnidogen 5.99408 1.65883 0.45748 -0.20535 
44 NHz amidogen 5.72271" 5 . 48065 0.69097 -1.08542 
45 NH3 ammonia 5.39016 10.20414 0.23566 -2.15439 
46 NO ni tric oxide 5.94351 2.84355 0.35146 -0.73089 
47 NOz ni trogen dioxide 8.51564 5.51761 -1.10667 -1.53917 
48 N03 nitrogen trioxid 14.14342 6.27127 -4.2l195 -1 82795 
49 Nz nitrogen diatomi 5. 72016 2.64661 0.45389 -0.61022 
50 NzHz cis· di imide 6.36744 Il.14704 -0.68535 -2. 70303 
51 NzH4 hydrazine 11.56806 15.12384 -3.29336 -3 40295 
52 NzO dinitrogen monox 9.27316 5.32439 -1.37194 -1.41107 
53 NZ03 dimtrogen triox 16.40950 8.47325 -2.78987 -2.33895 
54 NZ04 dinitrogen tetro 20.19922 11.88457 -4.54546 -3.32081 
55 NzOs dinitrogen penta 28.45555 8.39177 -7.00075 -2.50485 

56 ° oxygen monatomic 5.02434 -0.06487 0.20599 0.01992 
57 OH hydroxyl 6.30934 1. 00461 o 48627 ·0.00133 
58 Oz oxygen diatomic 6.49137 2.39112 -0.13951 -0.57458 

'f 
.1 59 03 ozone 10.69062 3.58975 - 2.09353 -0.99039 
"1f. 

60 S su1phur monatomi 5.71094 -0.85477 0.16813 0.27386 
61 SN monosu1phur mono 7.28675 1.81844 -0.18536 -0.50275 
62 SO su1phur monoxide 7.37899 1.74161 -0.59413 -0.48595 
63 S02 su1phur dioxide 9.97309 4.31686 -l. 49269 -l.18919 
64 S03 su1phur trioxide 13.62389 6.61075 - 3.02835 -1.88537 
65 S2 su1phur diatomic 8.44106 0.62904 -0.76971 -0.16798 
66 SzO disu1phur monoxi 11.81364 2.28260 -1. 71408 -0.66292 
67 Sa su1phur octatomi 42. 76133 1.10011 -5.14489 -0.33032 

Table 3.2 Heat Capacity at Constant Pressure for C·H-N-S·O 
Compounds in cal. K- 1 mo1e- 1 ; Range 2000-6000 K 
(curvefi tted from JANAF Tables). 

no. compound a b c cl 
1 C carbon graphite 6.09011 -0.04583 -8.94461 0.02267 
2 C carbon monatomic 3.98941 0.46515 9.1':"459 -0.03527 

~ 3 CH methylidyne 8.70919 0.19034 -17.88466 -0.00540 
4 CHz methy1ene 14.27550 0.17934 -47.16951 ·0.01444 
5 CHzO forma1dehyde 19.34893 O. 15023 -60.49549 -0.01215 
6 CH3 methyl 19.26657 0.17218 -65.28157 -0.01381 
7 CH4 methane 24.64087 0.34110-106.63616 -0 02752 
8 eN cyano 5.84451 1.97479 -4.20185 -0.18633 
9 CNz CNN radical 14.66115 0.06940 - 24.01149 ·0 00560 

1 10 CNz NCN radical 14.88128 0.00647 -10 02070 -0 00052 
11 CO carbon monoxide 8.86151 0.05742 -12.55877 o 00007 
12 COz carbon dioxide 15.03500 0.00014 -27.21928 0.01553 
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13 COS 

14 CS 

15 CS 2 
16 C2 
17 C2H 
18 C2H2 
19 CzH. 
20 C2H.O 

21 CzN 
22 CZN2 
23 C20 
24 C3 

25 C302 
26 C4 

27 C4Nz 
28 Cs 
29 Il 
30 HCN 
31 HCO 
32 HNCO 
33 HNO 

34 HN02 
'35 HN02 
36 HN03 
37 HS 
38 H~ 
39 H20 
40 H2S 

41 HZS04 
42 N 
43 NH 
44 NH2 
45 NH} 
L~6 NO 
47 N02 
L~8 ~l03 

49 :-12 

50 N2Hz 

51 NzH4 
52 NzO 
5 3 ~lZ03 
54 NzO. 

55 NzOs 
56 0 
57 OH 
58 Oz 
5q OJ 
G() S 

(. l S:, 
1} 2 sr; 
G'3 SO; 
i)~. sr), 

carbon 0:: ldl' sul 
carbon monosulph 
carbon di 511lph id 
carbon diatol1lic 
CCH radIcal 
acetylene 
ethylene 
e thy lelle o:ude 
CNe radical 
cyanogl'I1 
C(:O r.1dlC.1l 

23 

lf, S3GWi 0 176/,2 ·l() ()l ~31) ·(1 Illîl '),' 

8 CJ31<Jl 0 OSl!l3 .') n,'Hi .(1 ()(IO,li 

111.8771:> () a'dOO -(j q()/,:)H ·11 (I(HII)'! 

856815 Oh(,S/,O-l11Glh,) .()ll'j'Jll 
1210897 1 6789b _,H) I,;'J)~) .f) lb')/) 
1993691058435 -(JI 1703.1 ·()O}llh 
30 5227 /, tl 16322·111, O'lld'l -il o.)n2fJ 
3 6 4 9 1 5 7 0 3 6 13 1 . 1 2 3 (, H R [) ,: . 0 ().: 'JI 1 
15 17L~06 ·0 126/,') -11 ()Q(,}I) OOJ(»:> 
;:'06ôS3l Il 0577J - 311 H/.'U') .() ()(l/,hl) 

16 Q891 0 .') 1il)]') -',' 1'l,'/7 Il (}.)()H'I 

Colt'bon t:l·lIlH'll(' Iii 7 fl G3l 1) (HUd ,lf' l',ill'j fi 1111,)'", 

c3rb(ln SUho;'lde ,)(] (]!)',Sl () ')fJ'dC! ·'11) ,){,lI" .() ()I)').)l 
carbon tetrntomi 20 70796 () 0 1,637 - 2H '1')(1/ 1) .1) (JO ~H,) 

tetracarbon c!ini 32.58231 0 0/.139 .I.~I /(,/1/,0, ·Il Iln:)!-l'J 
carbon pentnromi 26619590 0613'. -'~l n'}]} .I)OO)!)l 
hydrogen mOI1dtom 1. <lriSOO () ODIlOO Il ()(jl)()() 1) OO()lll) 

hydrogen cy.Jnide IL, 15677 () 38269 - 31. I1HO/ .() 1))) lb 
f 0 rmy 1 13 5 7 8 6 3 () 0 <) 1.5 (] - ~~) il 1 1 Id . () () () ,"1'1 
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trans-nitroll', ae 11 Ld7S8 () '1/')')1, -2 ]/,S'J() ·1 11."d) 
nltric aCld ')52770') 0 1')%) .,(/ ()l."ll .() ()I.'P.,l 
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65 S2 
66 S20 
67 Sa 

sulphur diatomic 8.94253 
disulphur monoxi 13.90231 
sulphur octatomi 43.71730 

O. 06358 
O. 00244 
0.00068 

-1.77747 -0.00001 
-6.39696 -0.00019 
-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 l~. Ions ~ere found 

ta e::ist at temperatules be10\" 6000 K, ho"ever their cCtinbined volume \oJas not 

higher than 0.002% 

Figure 3 1 shows the pyro1ysis of the residue in a hydrogen plasma when 

one molecule of H2 is added to every pseudo-molecule of the CANHET residue. 

Since the operation with the pure hydrogen plasma was not possiblE' in the 

experimental equipment, the decomposition of the residue in 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 molecu1es (such dS CH4 , C:H4' CO) 

predominate whereas formation of acety1ene and its pr':!cursor (CzH) is 

important be tween 1500 and 3500 K. Above 4000 K the concentratlOn of 

monatomic gases as C and H becomes slgnificant. 

The full equilibrium calculatlons were performed ta determine the 

effect of the presence of soUd car!Jon (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 

mono:dde and methane at low ternperatures. 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 attair.s a maximum at 3500 K ..1nd 

lt is mostly due to the C2H radical. Since the conversion to acetylene and 

C2H 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 10-4 and 10-3 s to allow the formatlon of acetylene and 

to avoid the generation of soot (Raumann et al. 1988). 

Figure 3.4 shows that the maximum conversion of carbon to acetylene is 
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between 1800 and 3300 K and thi~ 15 quite insensitlv(> to p1.1:,111.1 ('oll'I")';I! lOI, 

Finally, it lS expected that the productlon of 50111(' toxic !~.I·o('" WIll 

exceed the safety limits For e:-.ample the maximum ~d lOlvf'd cont.ll11ill.1! 1011 of 

air by HCN is 4 7 ppm, by H2S is 50 ppm (peak) and by CzN., j<., 10 I1plll (Sut ln!; 

1985) The equilibrium calculations indicate that COIlCPlltl';11 iO!l', of tl1l'~l' 

compounds in the exit gas during the expel-imC'nts mdy Ill' [O(),IOnO t 1Il1l", 

h1gher The exit gas must thus be pitlll'r dilutC'd or ""I\lhh,·d h"fo)',' ))('1111'. 

exhau5ted ta the atll1osphpr~ 
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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 is a self contalned radio frequency 

oscillator. It rectifies 3 phase, 60 Hz power (575 V, 36 kW) into DG power 

(also called plate pOI'ler) and then converts i t inta L~ MHz AC IJhich is 

dellvered tCl the torch A Lepel High Frequency Laboratorles model 32-':30MC 

was used. It is able ta deliver plate powers of up to 30 H] The power 

supply contains a grid control ta match ::he oscillator circuit to the plasma 

gas Munz (1974) gave a more detailed description of the power supply. 

The gas flm" rates were measured wlth (±2%) precision .cotameters Those 

were calibrated with a wet test meter betwee'l 2 and 56 l/min and, if 

necessary 1 below 2 l/min by a bubble meter. Argon and carbon dioxide 

rotameters were calibrateri direc tl? '",i th 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 -lOA control console; see Mun2 

(1974) for more details. Separate rotameters were added to ;:-egulate the 

flO\" of hydrogen ta the torch and ta the argon tailflame as well as to 

control the flm.,r of argon which l.,ras USE:d as a shroud gas in the reactor and 

the flow of carbon dioxide which was required for the spectroscopy 

I~easurements (Section 6 2) 

4.2 Plasma Torch 

The induction plasma torch used ln this im'estigation \"a5 manufactured 

by TAFA as model 56 (Figure 4.2). The plasma was sustained within the water 

cooled quartz tube by the vortex stabilizatian technique. Argon ,Ilhich formed 

the plasma was fed ta the back of the torch through agas distributor nozzle 
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that a110wed 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 kl..J plate 

power in an lr.duction plasma torch. Thorpe ar.d Scammon (1968) reported the 

operation with pure hydrogen at plate powers between 60 ta 185 kW Analys~s 

of the thermal pwch effect (Thorpe and Scammon 1968) suggests that it 

should be feasible ta maintain a stable plasma of 10 % of hydrogen ln 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 supp1y, 29 % hydrogen 

ai: 4 HHz. 

A series of experirnents was performed ta evaluate the operation \.,ith 

hydrogen which was added primarily in ta the r.:ïdial but also into the axial 

and in sorne instances into the tangential injection ports in the torch. 

Stable operation Has attained with maximum 32 % hydrogen in argon under the 

following condi tians. argon f10w 32 l/min. hydrogen flow 15 I/min, plate 

current 4.2 t\, and plate 'laItage 7 6 kV, thls corresponds ta almost 32 kt.J 

plate power, slightly above the speclflcations of the po~:er supply. However 

the range of stnble operation i5 not as broad as with pure argon ',.,hich could 

be malntained between 4 0 and 15 kW plate power (Figure 6.1 and 6.2) For 

example. dunng the operatlon wj th 11 % hydrogen the flame extinguished 

belo\v 23.4 k\.J and the quartz tube fractured ab ove 28.4 kW. For higher 

concentratlon5 of hydrogen the range of stable operating power Wé)5 even 

smaller. 

In 1968 Thorpe noted that at hydrogen concentrations above 50 % 1 the 

convective and the conducti':e heat transfer from the plasma "on the quartz 

tube became sa high that the devitrification occurrcd after one or ::wo 

minutes of operation". The same difficulties were experienced during this 

investigation with devitrification developing in bet'..;een 2 and 30 minutes 

of operation depending on the experimental conditions ~he cost 0: a single 



• 

31 

quartz tube lS more than $60 

In principlt!. one may attPmpt to usp a Sl'l',Ill,·lltt·d 1l1.>t.11 w.lll 01 tn 

operate the toreh wlth the fireball surroundeù by l'nid ..,h".lt h i~d', lIow('v<,I". 

substantial changes ln the equlpment would have b~~en l'l'qUi rl'c1 

Instead it was decided ta inject hydrogen into th ... , ,11/',011 L1ilfl.lllH' l t' 

into the base of the torch below the coil. This had t-ll1' adv,lllt.l/',l· of 

requiring only the addltion of a few fittinl3s ta the cquipl11(·nl .11ld ,·:-.t(·I)(I1111'. 

the stable operation limlts of the toreh Slne€' now th.· ilvdro/,,('!l h"pol"''!'cI tlH' 

torch The conc~ntration of hydrogcn W.lS limitL'd hy th,· t":tt'Ilt ()I I11l ... lIH~ 

between the hot argon plasma tailflame and the cold il1Jl'ctc'd IIVclt"OI'.(·l1 It 

was determlned by visu<ll obSCrV:1tlons ,ll1d prob,' s.lll1plil1g (S('ct-JUIl I~ ~) thdt 

up to 27 % hydrogen could be uSl'd \<Thlll' m':l1ntilillil1g .1 Ill. l'". 1 III 1 1 III d,·"J.!! JOll of 

local and mean h:;drogen concenrratlons of 5 t TtH 111jt'clJrHl ui l.l ') " 

hydrogen gave deviation of 13 %. A second prob1em associated wlth t,lilfl.l:n,' 

injection was the fact that the tempe rature of the plasma gas Wd', ÙC'l'1 (·.l",'ti 

by the hydrogen addition, 

A1though an argon plasma c;)n be sust,llnt>d .tbO'l<· '1 1) \ \J LIl,' 1 1 1 f 1 .lIn,· 

assumes a cane llke shape on1y above 7 0 kW j',l'tW"C'l1 Il () ,illd ; () k\~ .111 

inverted flame characterized by a relative1v cold centr.il parL and hot 1 LIIll!' 

fringes (Figure 4 3) is formed If a crue lb le i" pl .l\'l'd 111',1 cl.· ·,IICI. .Ill 

i_l1verted cane, the gas temper<l ture l s poor1y c\n il nt d 

The above dlScussion lS ~>ulllmari7.(,c1 111 t If',un· Il 

experiments were performed ln "the prpfern'd ;('1:1011 nf (JP('I"dt l()!." : 11,lr ·..Joi·, 

defined as 7 0 kT"; < Pla:::é PO\Jcr <_ 1:~ () fIl .Ill.! () 1) • 

4.3 ~eac:::or and AU~lli3rl(,s 

The reactar (r1('.'11"e (1 '1) lr.1tlall ... d(·~,Jf.l}(,(! 1)'; l'illl 1"/,1'1 (J', ~! • .... 1'. 

ddapted for InvestlgatlfJlI of :_h(· pl.!:'.!'l.! t!'"l'd! In, II' of : 111,1/·',:11.'1' l' '.1 ,j'il IL,· 

Inner par::. or the· l'P.l', ::or LllillC,1\f·r! f,-(J1ll d ',lll;',!' 1'1" ,. ,.t 1:"':· !, !l'lIl· ... •• 

'Ji)' • (.11 i' . (JI;lI ! t-·,' 

sc:.ction 0: thl> rf"t1l.~l()Il (~}Itl!pr)i'r "!r,( llIJTJj'l I) tr· (If' !Il' Il I( t (Ir 1 • 

ln lnSlde dll·jn(·:-t.~r '11I(i 11'4 (rn ~n 1,rl,~·1) ill" (11,jI14 '('1 If l 'l}f!lll fi'lll'oi t ".,! 
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to 2.54 cm by adding il water cooled insert The> lowf~r pdrt of (Ill' 1-".ïC!OI­

(2.54 cm in diameter and 5. OS cm in length) conta ln!> tlw l'l'nctur ou! J l't (J <) 

cm in diameter) and below that a cool stagnant region which .1ccoJ11J11nd.lt l'!-< lhl' 

crucible prior to reaction. 

The molybdenum crL;cible (1.9 cm in length, l 3 and 1 Il cm in ill~;id(> .md 

outside diarneters) 

vertically through 

was mounted on a 0 32 IIllIl aluJ11in.l roc! whl('h m()\'pd 

a nylon male connector. Thl' .I1Ul1lilld I-od W.I'. pJ.1\'I·<I 

slightly off the l'Ca.CtOl' centre 11110 to permit il1:,t.1l1.1! 1(1I1 (Jf th,' '.11<,11011 

probe. During experilllt'nts the crucible relll,lirH'c! wlthln Lill' pl"'.lJIol Il.11I1l', • Il Il! 

it was placed 7 8 cm below the torch cOll, this carrespon,h t () L ) cm 1)(' law 

the torch exit 

The reactar '01135 connected ta the torch by '-ll1 uncooll'd ·,1.11111,··.·. st!'!'! 

adaptar 6.3 mm thick. A water cooled flatlf.;e 'oII.ïS InsLIIJod bl'l\o/('('11 rlll' 

reactor outlet and the heat exchanger. The heat exclldngcr «(ll CIJI III l,'nglh) 

was made from an outside brass tube and inside 2 511 cm ln dl.1!n('(el- COpp1'1" 

tube with spiral fins supplied by Noranda Metdl Tndu"tru", ln<' ,\ w.lt!'r 

cooled probe WdS placed inSide lhe heat e:.:chdnger t.o Improvl' coolll1g (rll~url' 

4.1). The gas leaving the heat e,<changer was dllllï_C'd by mort> th.lll .!()f) t IIlIC', 

with air and exhausted ta the fume hood; thus a ~,cruhber W.l', Ilot !l'·I',·'.'"II"'1 

4 ~ Samp hng .:md Co llec t ion Tra 111 

The gas sdmples were wlthdrawn [1'0111 n:o 10('oI1.J(I!l', (li frlHU tlll '··.II.lll'.t 

gas stre.:1m le"vlng the re,1ctor éllld (2) [roll! LIll' rr .l"t or- (h.lIllh 1" r III <lllr.ll 1 1 li' 

suetion probe Slnec the suctlon p:olw ('(Juld 1)1' m,>'.',·d 'f!'t! l,·.dl-,' ri,' ',,"npl,", 

were taken at difterent posltlons bill u<,udIJy J ') ,'m IJl·J,,·,; rh,' Il,\! I)t rh,' 

crucible The ijélse::. '''('n~ coolt'd (·I:..lv·l- lll'.ld(· th(' proh,· ()l h',' 1'01'.', l fl/'. 

throllgh 12 2 m ot stdlnl,~·,', [,\.(·pl tltl)il1{~ ('';1 t Il di.i1I1(·: (·r /lI (1 " (Ill) 

submerged in an lee,wi,ter mi:·:t·up. if '"ur:p!l:'. '011"1',· '''llltdr,''':1l ,1 :111' rl""ror 

outlet. After passlng thro\.l{~h.:1 ',ma}l condpll·.(·r. d(··.q',ll(·r! If> Ir,,\! '''.II. 1 .. rHI 

llquid hydroc.1rbon ·J,1pours. thC' /'"ï'. ·h.)'. rlJ r" 1. ri • " : III' ;',01', t 1 1:,: .... 11>'1 1 

~,O 0::: par tIC l (, s ' .. (> rr! d \ '/' n', l ~_ / r! (1 1 i~ '1 J ,. '. )) 
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rotameter to verlf-; th,lt th" flow W,IS COllSLlIlt. ,lnol ' . .,1.1', .'1 th"1 ,,'ILIII·,tl't! 

to the fume hood OL' collected ln LI pLlstic b.l~ ,10., .lll Int"I'.1".11 ,,,.IlI!,l, 

4.4,1 Suction Probe 

The water coo1ed suction probe was dcsignC'd to '""itÎ,dl'dW tilt' hot gd', 

from the reactor chamber and quench it at ,1 rate of dt Jl'.J~,t () II" loG ~:/" !Cl 

reduce acety1ene decomposltion ,Incl ;lt :..Ill' sallll' 11111<' to 111(',1',1\1'1' tIlt' l'."" in]!'! 

temperature uS1n b .. ',,'-)'U{ejl.,J,26U{l' thermocollpll' (FL1',lll'(' i j 1) TIlt, /',.1', f 10\.J 

rates through the probe were usually around Î50 cm 3/min TI1l' prnl>., Wd', 

constructed of three concentric stainlps" stopl tulw" WI th di.llll('! ('l", of () 

mm, 3.2 mm and 6 4 mm ilncl hac! il leneth of r)o cm SL.inl!'<,', :,t('1'1 WoI', \ IIO· .. ·1l 

for lts rigidlty and inertnC'~.s The coollng W.lt0t' [low \0,'01'. () ! 1/111111 '1111' 

tip of the probe was not water,cooh·d and tt ·..Jd.., m,Hie of molybd('1ll1111 Iïlt' 

bare wit'13 (0 13 mm 1-n J1L'llIûtcr) rl1f'lïl1ocouple Wol', pol'.',I,cI throllf'.h ,,11111111101 

thermocouple insuldtlon ,md pl"ced lrl·,ld.· tlw 11ll1l11I1o',t !1I1)\' l'" 1111 1'1 Ill!.'!' 

the conduct1ull los.':op!:> ft'olll tht' tl1t'lïl1()C()llp]~ JIlIll' 1011. t II, ! "P 

thermocouple ''''1 l'es '..Jas not inc,ulatP'1 

4 5 Experimental Procedure 

Befor': an e:'peritnpnta] run, dppro,:IIll,.Lt'1-I 

packed in the cruclble ,mcl rm·ltf'd tn l'litnlllol'!' trolpl"'c! .Ill Ih! dlll(lllll! (Jt 

precision of 0 0001 ~ 

lower pilrt of the' rpo1C t..or bp! (J',J :.11(' i~,j'. l: l! t\ f j '" 14 l f ] 1 (! f.i (1/:' .1 f. ~I' '1 i J 1 i r l ~ " 

1-,'oIC :.1011', Ille '_,'Ir l : (J l' l'! r,h. , l', t'fi'. l . 'd , ri 1 Il , l . l' (,! 1: ': " 1 T " 
,r(/ '. d 

<:\! r ~ fI P, :..h\· l' '1 1 rI:: . :1 : I.' 1-' .' (iL .. 1 l,' 1 '. !,I fi! , ,. 01: L' 

1)0 . l r! ~. _'1, , " 
, ... '. ': 

" 
.1 • " 1 " • , •• 1: '! 

• 
. 

~ " .. ,Ir) -'{ l ; : . ' " " 
, :,+ , , , 1 . 
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eare 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 inj ecting 150 1 of 

argon) . 

After the power supply was allowed to heat up fc,r 25 minutes the plasma 

was initiated, and the d~scharge was stabilized by adj usting 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 

erucib1e 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 10wer part, weighed, 

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

!~ 6 Gas Analysis 

Mixtures of permanent gases (Hz, COz' Ar/Oz, Nz , CO) and hydrocdrbons 

(CH 4 • CZH6' CZH4' CzHz) were separated isothermal1y using a two co1umn system 

which consisted of a Porapak N followed by a Molecular Sieve SA column. The 

Molecular Sieve SA column (pore size S À) can be used to separate hydrogen. 

argon/oxygen. nitrogen, methane and carbon monoxide (argon and oxygen can 

only be separated .:lt sub-ambient temperatures or by using a very long 

column) However carbon dioxide, ethane, Ethylene and acetylene are absorbed 

by the Xolecular Sieve SA column. Porapak N i s specifically recommended for 

separation of Ethylene and acetylene (other such as Chromosorb 107 and 

Chromosorb 108 provide less adequate separûtion). Thus the Pordpak N 

followed by the Molecular Sieve SA were found to give satisfactol''' 

separation. Their lengths and diameters (1.98 m and 0 32 cm for Porapak ~. 
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2.74 m and 0.32 cm for MolC'cular Sieve SA) wel'f' d"tt'nnlnN! hv tl'i.li aIle! 

error. 

The thermal conductivity detector (TCD) was uscc! fOI" the' qU.llltlt,ltivp 

determination of the gas concentration. The de tectol' W,lS Sl'ns i t lve C'l1o\\gh 

to determine concentrations of hydrocarbons in argon with ,1 precbioll of 100 

ppm. ThE: carrier gas used was a mixture of 8.5 % hydrogcn in Iwllllll1 With 

this carrier gas the detector response to hydrogcn ln tlw ,Ill,dY.'t'd ',.1l11pll' 

1S always negative Therefore ln tlns investigation, tht' [,q~ll,d Irolll t Il!' 1',.1'. 

chromatograph \.;h~ch col'responded to the hydrog('T1I)(>,ll~ 'w.l', 1I1""l:vd h.,jort' 

being fed into the Hewlett-Packard Thl' inVPI',IOll W.lS 

dccomplished by switching the polal'lty of the cable', tlldt COllllt'ctt'd rhl' )',.\'> 

chromatograph wlth the integr.ltor 

Tht? gas separdtlon was perfonned ln the Fl~,Jll'r l;d', 1'.I1"tJ t IOIWt" l/OO 

that could be operated isothermdlly at ambient or hi[,IH'1" lh.11l .1Illbll.'lll 

temperatures lnltlally lt was provlded wlth :J Du.ll ·ll!pl"IlI.t1 C()l\dtli r l'.'ity 

Detector The carrier gas flowed throup,h the rl~fr'n'nc(' ',1.1,",01 thl' flr',~ 

and second TCDs , injection port and 1.IH> l'ol"Jp.lk N LollIInn (1'1)','11'" (. (lI 1:0;:, 

CZH4 and C2 Hz were ctetermined on the first TCI) aile! ~t1lJ[,('(p1('nr ly ,Jl)',(J1"IH'd on 

the Molecular Sieve SA co lumn. The n'Inainu'g f l:.ed ga:,(", dllcl Inl't Il,1IH' ·"t're 

separated in the :10lecular Sieve SA colurnn and ',.,en' rc ',oJ"l,d 011 'llf' '.'·('Oll<\ 

TCD, The output frorn both detectors WdS clin'ct(,cl to tlll' ',;.I1If' Ill[";',ldtol 

aften resultlng in overlapplng of !waks 01, lf [l'l'. W,J', j'/<lld, d, Il • .t I()IlI~ 

retention time for dcetylene 

Figure 1. 7 c\PPlcts chélllf,e~; madc· to th,· "t ,lllddrr! (Ollf l;"ll,'~ :"11 oj tlll' 

gas chroma tograpll These Inl]'Jr1C' 11l·,:-olJJ.Jlion 01 th. ',1 

reference sldec, ()f hoth detl'ct()I'~" th" c'dl"r:('I- 1',,1', lIIIlC"'cI·. rlll""')} :hc· 

fll"st TCD (, .. hich lS tlot 1Js p d) , rhe lIl)t'l-ll(\Il ;,(,rt d!11I 1: "li! "1', t }if' l'(,r.ljldk 

:; column 1. ,1< hl 11)', tll< 

de tec tor ûnd the' f l:·:pd ~a[,e c, ilnd flI(' th,Ill" ] l'" /1' r llC' l'nr,' 'Id:: '; (,) 111111' l,: ,'r 1 11/', 

1 (lI! ',' .. l '!( 
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REF. 1 REF_ 2 TCO 1 
L PORT VALVE 
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Figure 4 7 Series-By-Pass with Restrictor Configuration of Fisher Gas 
Partltioner 1200 
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C2H2 
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Figure 4.8 E1ution Order Csing Series-By-Pass Configuration (Parameters. 
1.98 m Porapak N. 2.74 rn Holecular Sieve SA, Te:nperature 80 oC, 0.5 ml 
Injection, 8,5 % Hydrogen/Helium Carrier Gas Olt 26 crn3/min) 
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such as argon together with oxygen. nirrogt>I1, mpth.lIll' .1I1d C,llhnll IIIIl!lo:-:idt, 

e lute, 

An example of a gJ.s chromi1togr<1rn obt<1ined by illJl'ct Ill); () '-> III 1 of tilt' 

calibration mixture is given in FIgure tj.B, TIll' g,I"~'''' l'Iutl' ill th" !ollow1llg 

order, the concentration (in %) and the elutioll tlllle (Ill 1ll1ll ) .Il'l' l'.IVl'11 III 

bracke ts H2 (24 788. 1. 97) • COz (0 102, 3,02) • Czll 4 (0 (j (J'" , 
, 7:») , !,,! Il " .. 

(0 027 • 4.30 ) C2H2 Cl 404, 5 56) , Ar (70 409, 6 'J8) . N;o (0 '1(lB, .... '.il!) • l:1I '. u 

(2 040. 10.1)8 ) cl11d CO (0 198, 15, 53) Nit'rogen W.l', 1l0! pl (", l 111 III 1 Il!' 

reactor but \oJas seen 011 gas chroma t0r,r.Jms due tü tlw ,Il r li 1 f 1 Il', 1 ')ll 11Ito t hl' 

syringes. Consequently, it Wii~ lncluded in the calibr.ltioll O:.yg;:·11 coult! not 

be separated from argon and i ts percentdge W.l!:. est irnatC'd t l'OIl1 th!' III t rOi',<'11 

content The elution tlIlle of carbon rnonoxide was long bill It cotlld !lot lw 

decreased due to the isotherrnal operation of the gtlS p.ll:"t i 110!lC' 1-

.. 
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5.0 ANALYSIS OF THE CANMET RESIDUE 

The CANMET residue is the pitch like substance remaining after the 

vacuum distillation of the product obtained from the coprocessing of coals 

and bitumens or petro leum res ids in the CAN!'·1ET process. As reported by 

Rahimi et: al. (1989), the most recent feedstocks to the CANMET pr')cess were 

Forestburg coal and Cold Lake vacuum bottoms '..,rhose compositions are given 

in Table 5.1. S lurry products from the CANMET process are disttlled up to 

525 oC yielding C1 -C 4 gases, naphtha, light and hea'IY gas 011 as well Ole; the 

residues which in thls investigation are denoted as the CANMET residue 

The residue starts to flow at 160 oC and it may be pumped at 230 oC. 

At this temperature its viscosity is estimated to be 1200 mPa s. Prior to 

the ana1ys is the resldue was homogenized by heating \. to ahove 200 0 C) in an 

oil bath and stirring Precautions were taken to conform with AST~ D 140-

70 Standard Hethod for Sampling Bituminous Materials in order to obtain a 

samp1e which represented an average composition of the residue Because of 

the limited amount of the available residue the sample Slze '..,ras 2-3 g. 

The elemental analysis of the residue was performed on the Control 

Equipment Corporation (CEC) e lemental analyzer mode l 240-XA. Nonnally the 

samp1es of 1-3 mg were weighed with the accuracy of 100 ng Analysis of 

samples wi th a small hydrogen content requi.red sample weigh ts of more than 

3 7 mg (Sec tlOn 7 2. !I. 4) In the C-H-N mode of the analyzer, the samp~e was 

combusted and then reduced to convert oxides of nitrogen to molecu1ar 

ni trogen. The gases were passed through a serles of thermal conduc tlvity 

detectors for H, C, ~ ' . ..rhich '..Jere lsolated by appropriate traps For o:,ygen 

and sulphur separate runs wi th different apparatus configuratlons were 

carried out. Becouse the residue con:=ains metais which may remove oxygen 

from the sample. the o:-.ygen anaiysis shouid only be considered an 

approximation Th", analysls of sulphur inc1udes the sulphur CO!1tent in both 

organic and inorganlc parts of the residue According to the manufacturer 

of the 240-XA elementai anaiy:.:er errors associated ,,,ith the method could be 

estimated as follows' error (±%) = ±(0.15 % absolute + 0 0015· (reading 

in %) + error due to weighing i.n %). In th the e~ct?ption of oxygen, the error 

ln elemental analysls is less th<.ln 0.30 %. The results a1-e presented in 

.. 
~ 
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Table 5.1. 

Table 5.1 E1emef"lta1 COmpOSitlOnS of the CANMET Rl'sidUt' .1Ild LIll' F'·t'(i!.tol'I··, 
ta the CANHET Process 

elernent CANMET residue Forestburg co.113 Colù L.lkp V.ll'llllllll 

(%) (%) 

Carbon 74.71 1 64 04 
Hydrogen 6.60 1 3 87 
Sulphur 3.43 1 0.53 
Ni trogen 1.18 1 l. 6) 
Oxygen 4.10 1 20 41 4 

Ash 9 682 9 50 

CEC mode1 240-XA elemenLl1 analy::pr 
Ashed at 775 oC to constant mass 
From Rahimi et al. (1989) 
By difference 

bottolll<' Ct. ) 

83 3/1 
C) ()'I 

') H'I 
() (1 ) 

0 ()g4 

The e1emental abundances in the CA:--JMET rc;,~d\ll' .il·(· dl't"nnillt'd hv tlil 

e1ernentii1 composition of the Forestburg cO.îl .md :11(' (;old L.Ü.L' 'J,j,\I\11I1 

bottoms. Sulphur, nitrogen and oxygen are prpfprpntld] 1'/ n't.l:rH'd III hl;~h,'r 

boiling fractions from the CANMET procc',!, .1nd ln rllt' r<·I:l.llllllll~ 1·(".ld\I,· 

(Rahimi et al. 1989) The CjH ratio of thf' rcsiduf' (1) 'l!I) 1'; h"t''';''''11 tllo'.,· 

of Forestburg coal (1.37) and the> Cnld L,kt' '/.1('1111111 ÎlotlOIll', (1) 1'1 l' 

corresponds to the G/H ratlu of hydrocarbons th.lt: dl',ttl IW!''';l'''1l ,'(l') .Ille! 

525 oC, are soluble in methyl·tert·butyl ether and .Ire clldr.wt'·ri· .. ·d h'! hll'.h 

aromaticity and high nitrogen content; R,llllllli et .il 

compounds as Polars 1 Thus lt appcilrs th.ll th.· nI/jolI/l" polI: (Ji tllf' (':'':::11'.1 

residue contalns a hlghl J' condcnscd arlJlnatic ',ttll(,:lIl·' ~ 1 ! 1 If, ( , 1 1 l, 1 ~, . 

dlfferE'nt sol'lents 

respeclively, THF i5 d pO',:e:'!\ll <,ol·:f'll\. !(,: 1 Nl':' ',1" 'l'.:' rd ·.:l,'L,':, ,j!,! 

l t ri l " ' • r>l .: ,. '. l (,' r, r. • 1. : i,lJ 1 1 (, Il}, ',I! 11 1 
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and aromatic hydrocarbons (as pentane) but also dissolves heterocyclic 

aromatic compounds more efficiently than does toluene. Horeover the 

aromaticity of toluene solubles is higher than pentane solubles and smaller 

th an THF solubles. As reported by Rahimi et al. (1989) solubility of the 

Cold Lake vacuum bottoms in pentarle was 76.2 % Therefore, the structure of 

the CANMET vacuum residue is more aromatic than the structure of the Cold 

Lake vacuum bottoms, especia11y since there is a substantj al difference in 

the solubility of the residue in pentane and in toluene In faet. the CANt-lET 

residue can even be more aromatic than the origlnal coal since simple 

aliphatic and alicyc lic hydrocarbons elULe firs t during the dis ri llari on. 

Horeover 8.8 % of the residue is soluble ln THF but noi.. in toluene and about 

15 % of the organic part of the resldue is not THF soluble at aIl Again 

this indlcates that the resiclue cont.:uos high proportion of condensed and 

eomplex aroma tic hydrocarbons which incùq)élrate ni trogen. sulphur and oxygen 

in their structure. 

The amount of ash in the rcsidue was determined accordlng to thE:: ASTH 

o 482-80 Standard Test i-lelhod for Ash from Petro1eum Products .. \ 2 g saITlple 

"as placed i:l a crucible and ashed in a furnace at 775 oC ta constant mass 

(±O 5 mg). The ashing of THF insolub les yie Ided 34 57 % aSh, 1. P. 9 65 ~ on 

the basis of the origlnal rt'sidue ThiS ma,," be cOl11pared \Vith 9.68 î trom 

Llbie 5 l tC' show srn.:lll error :.n chose resul ts 

If ttle re~ldue is ashed at 1000 cC :or a fe~'" houre; ta a CO.1stant 1~;a5S 

,:lil metai oxides are transformed to their highest and known le'Jels of 

oxidation Table 5 ::: shmoJ's the analysis of the dshed C'\~,mET residue 

performed by the X- r 3y fluorescence (XRF) in the DenartITlent of Geo1ogical 

Sciences at NcGill Universi ty. 

Rahimi et .:11 (1989) report that the Colè Lake vacuum bottoms conta ln 

V (235 ppm). ~H (93 ppm) and Fe (13 ppm). Although the presence of some 

metals is benefici:ll ln the hydrogenation process since they act as 

catalys ts (e. g. nickel, vanadium, iron sulphate and chrornlum oxide) the 

assembly of the inorganic cornpounds in the residue has an oVéraIl nega:. ive 

effect on the conversion of the residue to ucetylene in the plasm ••. 
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Table 5 2 Results [rom the XRF An.llvsi3 o[ thC' A~.lwd CA~;!'11 1 1:'''.1.111.· 

Compound ContC'nt 

S iOz 36.99% 
FeZO J 22.57% 
Al~O-, 

" - 18 1.2 '" 
CaO 1 ) 57% 
~lg0 3 S2~ 
~.:120 t1 ()g% 

-r iOz 0 1.7% 

KzO 0 29% 
MnO 0 17% 
V 5302 ppm 
Ni 3852 ppm 
BaO ~S12 ppl1l 
PzOs 960 ppl1l 
GrZO J 622 ppm 

(ppm mass frac t ion . 10') 

It may expected ~hat the ll11neLil part of t-h(' e·o . .! .Ind t!I" 'oIt.il',",( 

'..Jould undergo small transfonnations dllnn8 hyrlrog"l1dt 1 on !J'o' the· 1.:\:;:,11.'1' 

proces,> These Inc1ude mdinly p:;rité con'lertinl', ro p'Hrhr>tlt.· .111<1 po,.',lhl .. 

some deh:;dration HOv,'e'ler,Jnost rnln('ral~, and thl' c.lLil'/',( (1IUII '.'II"II.lt", 

rem"in essentia 11'' unchanged (RIl!>c~p 11 ,llld l~ i 1l1ln( l' l 'j,' ';) ,Ille! il"II' ,. t 1.1 .. fi' , '11-

ln the !."es ldue l t S IIOU ld bp CIl'pltd <, J ,:( cl r il" t 

temperature ash le; lpsc, ::h"n tlw ,lInOltrlt- of t.11·' ;Tl"r,~ cl:l1 poil 1 1 : 1 1 1 il 

L"esldue Thu<, th~ "mount. ni l:'/droc.Jr])ow, ill Ihe· 1"',I,l'I.· '!.,l' 11I.!d 1 .. · 

content ir. T"ble 5 l 

Some tr"l1'~!drtn"t iOll', • '1 C' 1 r ,- : 1 1 j' 

inltlaily 

deCO/l'pose F.", nt li .. l 1 " 1 Il :: .' . i j :I! rr) ,',f ! 

- l -.--1 .. l r,· .. ri'" () f ()rrr~ (1 + (1 f .il tJ(Jll .: (JT,f) l'.· 

l 

." 

flf f \1 r 

• Il Il' l!lol •• ', '''; 1 1 1 

" 1 d, " 

'" ; l,' 1 ! ,f N : r!l' :!! l 
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produce HzS 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 s ignificant percentage of 

the organic part of the residue in THF. Subsequently. a sma11 amoun t (below 

a l g) of the THF insolubles was placed in a low tempe rature asher (LTA) for 

more than 50 hours at 100 W net RF power and 100 cm3 jr:1Ïn of ox:!gen flow LTA 

uses a low pressure (1- 3 torr) radio frequency (RF) discharge to excite élnd 

ionlze oxygen atoms which have temperature (1 e heavy particles 

temperature) of around 150 oC (Jenkins and l-Jalker 1978). In pnnciple, only 

small changes in the mineralogical compos i tlon rn.:.:y take place during 

oxida::ion in the LTA at the mentloned above operational conditions Foc 

example pynte could be oxidized to hematll:e or gypsum may be dehydrated 

to hemjhvdrate Removal of the carbonaceous matenal is a surface phenomenon 

thus a sample should be stirred. The complex aromatlc structure of the THF 

insolublt::!s resulted in a slow rate of o:udation. 

The oxidized sample was deposited on a silver membrane in the speclal 

vacuullI equlpment: due to the low oxidizing rates ln LTA it was impractlcal 

to collect sufficient arnount of samples to use regular powder mounts Sorne 

amorphous carbona:::eous material was not removed in LTA which resulted in 

high background as seen in Figure 7.4 a. The analys is \;as performed on the 

Phillips P\~ 1710 diffractometer us ing nickel fi l tered CuK, radiation 

generated at 40 k 'l and 20 mA The diffractometer \oJas connected to a PDP 11 

computer. Amor.g the min8rals present trigonal q'lartz \.;as the eas iest ta 

identify and gypsum, anhydnte, hemlhydrate (bassJni te) and hematite \.ere 

a150 seen. It 15 posslble that hemati te, anhydrite and to a certain extent 

bassanlte are artifilcts from tbe pl:1sma dshing ln LTA. Ocher iron minerals. 

5LlCh as sidente, pyrite and Hon sulphate can be identified only with 

difficulty. ln general carbonates (dolomite, calcite, ankerite) are possible 

but could not iJe de[lni te:y identified Slmilar conc 1>..lS lons may be drawn for 

feldspar (or~hoclase, albite) and clay (kaolinite, illite) 'TIinerals (Figure 

7 t.. a). Jenl-ans and \~alker (1978) listed mine!:"als commonly found in cO.:lls. 
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6.0 TEMPERATURE MEASUREMENTS 

6 l Calorime try 

The mean exit temperature of the plasma stre.1m at the torch nozzle, ,11' 

well as the joint torch and the power sl.lpply efficlency may be conveniently 

determined from calorimetric experiments The calorimetrlc system consistpd 

of the reactor, the heat exchanger and the water coolC'd f1.1nge betw('C't1 them, 

all connected ln serles To avoid heat lasses, the côlorimeter Wil~ 

insulated, élnd an asbestos gasket was placed bet'.veen the reactor and the 

torch 

K type thermocouples, with a digital meter having il precision of 0.1 

K, were used to determine water in::'et and outlet tempe ratures and the cold 

gas exhaust temperature (see section 6,4). Tht argon ,1Od the water flow 

rates were measured by high precision (±2% of the full scale) rotametPrs. 

':'he thermocouples \oJere connected to a strip chdrt l'L>carder ta verl[Y thr 

existence of !:.tcady state conditions Normally, steacly state W.1<, alL1l11cd 

\Vl::hin six ta ten minutes depending on the flow of thé cooling w,lter To 

r",duce errors assùc iatéd with the trmperature meaSUl'ements the water flow 

rate '.';,tS maintained at around 1,3 l/min This corresponded to the mlnlmum 

temperature gain of 10 K for the cooling W.1tpr in tlw c,llorimeu:r TIH' 

exhaust gas temperatures were beewec.n 7 and 10 oC 

The power removed by the cooling watf'r was obtained froll! the 

difference in ::he enthalpies of water entering and le.:1vil13 the c,:dorimeter, 

The mean e;o(it: temperatuce of the pL1sma W,JS compuléd t'rom beat capde i tic,> 

prepared by Lesinski and Boulos (1978) 

The following ir.deppndrnt V<1l"llbles dcrCrmln(' Chf' t(I:lper<1t 1Irl' nf the 

e:,:it gas and the jOint efficlèncy of thé:! torch and th,~ power supply (1) 

nozzle diameter, (2) ar;;or. flo'.oJ r.:lte and the mod.· of ir'. inJf'ctlon - ;1.-:1<11 

or tangential, (3) number of coil turns, (li) I~l'id (.p~tillg, ,mrI pSjwci.tlly 

(5) plate po'..;er 1hF! i'.0d .s('n!n;~ n-1~·t1dt('S th., {'()'Ipl il1l'. of ('f1('rg:; twt'.oJ(·(·!1 

the coll ônd thè plasmd (,<15 ' .. IH'n-!ii', ch' pL1Le po':,'! 1'. th. pnlrluct (Jf tIlt' 

pl,n:e curcent and Lhr- platé' '.'fJlt.d:',(' c!l'l,'/"rvr! LI"':;, th,' l")'.o,'l-r ,.uppl"l '111(' 

t'ffect of the nu,:;:],' di,lilll..:t1'( ":,,, t]., drY/JII Il,,',. :"'\', loI' lh" '"llllf' 
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apparatus, were investigated by ether 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 i t inj ected 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 perforrned with six coil turns. 

The effect of the plate power on torch efflciency i5 illustrated ln 

Figures 6 1 and 6.2. At power.:. below 4 kt.] the flame could not be sustalned 

and above 15 kW the fireball increased in size resu1ting 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 

torcn effic ieney ThlS effect may be also seen in Flgures 6.1 and 6.3 - th.:! 

power removed by the cooling water and the tempe rature of the exit gas tend 

to level off as a func tion of the plate power. In arder ta start the 

discharge. the quartz tube was initially coated wi th 2 go] d paint. The 

freshly baked layer of Gold increased the lasses. probably due ta the direct 

coupling of RF energy ta the gold coating. This effect was negligible after 

approximately 20 runs (Figure 6.1). 

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

lcast squares polynomial: 

T .. b • pp + c • pp2 (6.1) 

where T is ternperature in K, pp denotes plate power in k\.J. b is SiO.7 ± 6.~, 

c is -18.18 ± 0 56 and R2 is 0.994. 

Hydrogen eould be e i ther inJ ected ta the torch or added ':0 the argoIl 

tai lflame. The effec t of the latter was computed by heat balances and is 

shown in Figure 6.3. The heat capacity of hydrogen was taken from the J.'\NAF 

Therrnochemical Table 5 (1971) For example, the addition of up to 20% of cold 

hydrogen wou1d decrease the argon flame temper.:i ture by 1100 K at 11 8 kt.;. 
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6.2 Spectroscopy 

A direct and a non-intrusive method to measure the local temperaturp 

in the plasma is to look at the intensity of the radlation comin!:', out <lt 

specific wavelengrhs This was used to confirm the cdlculated t0mprrdture 

from the calorlmetric experiments. Hany di fferent spcc troscop ie II1l' lhods 

yield tempe rature , however. they .111 involvC' tlH' aSSlllllption of tlw 

::hermodynamic eCjllLllbrium bet' . .Jeen thp part icle~ (a taille" ions, lIloll't'u 1 ('~" 

electrons) glving r1se ta rad1ation For example, if one u.scs t"ll(' InLf'w,ILy 

of a line emitted trom an excited argon atom, cJ.lculation of temperature 

using this intensity involves the assumption that the "elto·ctron 8<15" and thl' 

"argon atom gas" ln the plasma are in equilibrium \.;ith respect to collislow, 

and have the same temperature This corresponds to local thcnnodyn,llllic 

equilibrium (LTE) At the tempe ratures and electron number den.sity wr Jre 

deallng '..Jith here (T < (1000 K), the plasma is gener.:d ly not ln LTE bec,Hls,,-' 

radIation bec ornes an important energy e::change meehmlism as comparrd wi rh 

collisions within the plJsma However. we can cons ider the heavy pdrLlc Le<, 

(atoms, ions, molecules) ta be in equilibriulll at a temperclture Tg lhclt lS 

different from the electron temperature Te (usually Tg < Te) Dcpdrtures 

from LTE have onlv swall effects 011 the pL"sIna l'nt"halpy but 11\,1,/ 1H.' 

sl~ni:lcanc 1:1 spectroscopIe l~edsur('m(,r1t', (BOI110,> <'1,11 

Because of th1S behavlour, t·,.;o type:. or slllctl"oscopic 1111'<1',111"('111('111 d!·\.! 

made ta Ch<.ir3cterlze the state of our pLlsma. TLe t,'mpf'raturc oC tl.C' IJ(· .. ·:y 

particles is the most important one ta mea5ure b('cdu',e the y .11"0 t !1(' lll.1 Ln 

source of energy transfer. TIn.... t,'mpprdture wll L ))l (\pd\H:l'd f rom tlte 

rotational emission spéctra of the Cz rnoLl'culC' "round )lG :) Illll Altltolll',h IL 

lS resognlsed as il cli fficul t rnvasurc'lTlcnt b('C,111:,(~ ot t!lt' Il i I~h ''''.1'lC' 1 ('f1I~t li 

resolution requlrecl and the cO:lIple:-: n,ltllre of rnoll~Clll,tr bands, 1 t l', th(· 

best method co obtain d rneilnin~ful tunpe'rilturC' ' .... h1Ch ('.Ill b(· C(JllIpdl-r·d 1 () Lill' 

calorimetrlc e:-:periments. FI..lr-thf.;rmore It 15 only linke·c\ :~() he'd"Y pdrllclC' 

heha'llOUr and is not affected 1):, LTE COllSld('raL10!1 

The second dLlgnost:1c i'. t r ) f"'laluate rhl" (·j'>I::IOf] nil/lib" l' <!('I1',lLy 

profile usi:l8 the. halE -"'ljrh of thl' lU 11[1(' ((,H(, l ~:) nu:) Thl·. 1II('.\~.lIrl'tr1'·li:' 
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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. 

AH the spectroscopie 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 

(1l.7 l/min) to the axial and 37.22 g/min (20.8 l/min) to the tangential 

inj ection ports in the torch. 

The spectroscopie system was based on a one meter 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 \.;as used 

to record the light intenslty. 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 vertical 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 dens i ty were taken 

at the level of the middle Une of the crucible. 

6.2. l Temperature Measurements 

Cz molecules are normally present during plasma decomposition of 

hydrocarbons as opposed to Nz or N2 + which are often used for rotd tional 

temperature measurements. Moreover, the overlapping of Cz bands with spectl'a 

emitted by other hydrocarbon radicals or by argon is negligible (Winkelmann 

et al. 1977). The 516.5 Cz band (Swan band) will thus be used along with the 

spec troscopic data of Czernlchowski (1987) and Czernichowski etaI. (1987) 

This method could be used to determine gas temperature in a con::ir..uous 
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reactor. In this study however, small amounts of cell"bon dioxid(> (h'ss th,Jn 

1% of the totell flow) were mixed with argon before entering the tot'ch to 

simulate the hydrocarbons and to generate the C2 molecule. No residue was 

treated during these measurements. 

The intensity of a spectral Une at a given wavelength from a 

transition between 'lpper energy level p to lower q per unit volumC' of the 

plasma unit solid angle and time is gi ven by. 

l ( 6 - 2) 

Ivhere Np(T) is the population dE'nsity of the speciC's in tlw excitcd uppC'l" 

level p, A"q is the probability of the transition (in S<l) and h'c/4'1['-\ lS 

the energy of the emitted photons. Knowing the total dcns1ty N(T) nf the 

atoms, the population density in the different ll.vcls at efl'dlibrill'll dl 

tempe rature T can be obtained using the Boltzmann dens1ty cll:,tl'iLutloll 

equatlon: 

N(T) 
• gp • exp (, 

Z(T) 

E p 

k·T 
( 6 < 3) 

·..;here Ep is the energy of the upper excited state, k is tlH' Boltzm,llln 

constant, 2(T) is the partitlon function and gp ùenotC'!:> thE' sLatl~,tic,d 

weight of level p The partition function is a normalization funclloll 

obtained by summlng up the Boltzmann fnctor fo; a11 boundt'c1 1 .. '/C'1~; of tht:' 

atom. Taking the logarithm of (6.2) and substitutlng (() 3) ()r~C' n!Jtalll', 

the equatlon for the Bol tzmann pl (Jt, 

l 
! r, 

s k·T 

'..;here S ~ gr • "VI' IVI'I <Incl C = ln( ~llT)/Z( l') ) ;; <'oll',lant Tite· ',lOI'(! 

(Jf ::J.e ~lne ln (~/S) :', " f'lnclion of f·:" ,me! tllll:, :/1l1,j', th" '.(·.np<·rdtur!.! 

Fig u r C! Q :1 s h 0 ',/ S ,11 l (:: : il ln pIe 0 f r h (~ r r, t 01 t J () r 1 d: 1) d Il d () f :. !J ( Ci III 0 1 .~ (' Il le 



1 

52 

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 ta one upper level E;-, 

its area is reported on a Boltzmann plot An example of a Boltzmann plot lS 

given 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 horizonral tempe rature profile deduced from these spect.Ll lS 

pi-esented in Figure 6 6 The .\bel inversion is a m.:1them.:1t·lc,ll op~>ratioI1 ,-,,,cd 

ro correct:: lntens1ty me3SUrell1ents along a Une of 5ight ln the plasma lnto 

local emissivitv rneasurement. It thus yields the tn.le value of local 

temperatures hO\vever ,vith a larger associated error Since the lntensity 

prof~le lS relativel; flat the Abel inversion does net v101d significantly 

different results. 

The fI dt profile ln the centre part ot the renctor ~ndic3tes that the 

crucible is exposed to a constdnt temperature profi.::'e Si.nce ~hé reIn 

f!.-inges of the pIasm.:l lie olltslde of tbe Vle'N of the re.:lctO::- ,.indo'.,- tlw 

average temperature calculared [rom the calor:metric me,lsurements ~Flbure 

6.3) is lower than determined from the spectrosCoplC experlm~nts 

6 2.2 Electron Denslty Medsurements 

Electric fields e-üstll1g ln thE' plasl1a have the ef:è':t of '_HdL'nl11!; the 

spectral l:nes emitted ~v the 3toms (Stdrk effect) fllèse !le Ids :Ire 

generated Gy the chaq;ed pdrt1cles (elpctrons. ions) ane! are proportiorldl 

to theu number dl'l'sit'., :1easuc-erne71t of t:he line rJroddening thus ylelds the 

electron nUlrber d.:-nsltv ne _ One r:an note ::hat this l':'ne 'ildth rne~SUrè(;1ent 

i s independent of the 11ne intens 1 tv and hence i t does not depcncl on the 

assu.rnption 01.' LTE Gr~elll (1964) c.:1lculated the prvportlonality Loeffic ients 

l)et ...... ·een the ~lectron dé'nsltv and the wldth (w1/J of hydt"ogen lines rreasured 

nt half of the maximum alliplitudc; 
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wi th c being a \.;eak fun:: tion of ne and T. The coefficient c (ne' T) , 

corresponding to the 

cene = l014 cm -3, T = 5000K) 

experimental 

3.84-10 14 A-3/2 

condItions. 

in 

was taken as 

the case of 

rotational tempe rature the measurements were performed on the argon plasma. 

A very small amount of hydrogen (less than 0 5 %) was added to argon ta il 

flame to ensure an insignificant change in thermal condur::tivity of the 

plasma gas The thermal conductivlty of hydrogen is approximately ten times 

hlgher than the thermal conductivity of argon thus more encrgy is removed 

b.; the coollng water ln the torch for an argonjhydrogen th,:m for a pure 

argon plasma ThIs results in changes in the temperature and Ln the electran 

densltv 

Because of the relatively Elat profile, tind the l.:l1'ge error assoclated 

"'Hth the Abel In';erSlon. no i~l\'ersion Wé1S made for ti11:'" mea5urell,ent Flg.ure 

6 7 shows that ln th15 InvestigatIon the ~lectron denslty ln the centre of 

the argon flame ( 0 0 :'5 r :'5 l 0 cm) remalns appro'umdtely constant and ecpal 

to 1 2.10 14 cm-:; Again, thls indicates that thf>re should be no c;it;nlÜcdnt 

radIal thermal 6radiencs in the case of the aq '1 flame The clectrcn 

density profIle along the vertical diameter of th2 windaw is presenled ln 

Table 6.1. 

Table 6 1 Ver:ical Centre Llne Profile of Electron Densitv 

Position below the top 
of the window ~cm) 

o '27 

o 

1 '27 

Electron densit', (cm- J ) 

E.·:perlInental criteria ur.ply thdt ln order ta have LTE ti1e electron deI1sity 

must be larg,er th an 10:6 cm- 3 (BofL) e~ ,11 l Q 71, Lochte - Ho l tgreven 1968. 

r;lck et.31 1934) The reported abov€' measurements SLOK ~hat ne stays f.:ir 

below thls value, hence the electron temperature 15 net in equlilbrium ~lth 

the heavy pnrticles tern?er.J.ture in the \'o:ume of Interest Th:;.s implies that 
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the heavy particles temperature had to be derived from an independent 

measurement 

6 3 Pyrometry 

In static systems, the temperature of the plasŒél gas 18 normally higher 

than the temperature of a reacting partlcle For tbe stetld': st.J.tt' conditions 

the heat tranSfi?l'l'ed to a cruclble by convection 1'~ removed by r::ldiatlon ::0 

the cold reactor ~alls by conductlon through the cruclbl~ support and lS 

consumed during tbe endothermic reactlon. This lS pspeclally lmportant ln 

the case of a plasma Jet 1mpinglng on a cruc1ble [liled ~lth hydroc.J.rbons 

If the cracklng temperature of hydrocarbons inside il cruclble lS 

substantlally below the gas temperature the yield of acetylene mav be 

affected. The cracking tempe rature could be approximated from the non­

contact determlnatlon of the radiatlon emitted bv the cruciblp '.;alls 

There are three types of radiatlon measurlng instrum~nLs (DeWltt ~nd 

..... lbright 1986) (1) total radlation pyrometer, (2) slngle-calour, optlcal 

or brlghtness pyrometer, and (3) two-calour also called two wa'lelength or 

ratlo pylometer ',Themel1s and Gauvin 19(2) In sr.ort, total radiatlon and 

ùptlcal pyromi?ters requll'e accurilte v<llues of totill or spectral emlssivltles 

',nlc~ ma', not be kno'..,rn wltr. the adequate preclsion In addltlon. th01r 

?erformdnce is hlghly dependent on the Slze of a targt't dnd on the viewlng 

condItIons, as for example transmittance of the reactor window In contrast, 

::wo-colour pvrometer does not demand the kno~ladge of the absolute valU8S 

of spectral emlSSL'litlE'S at the t\."a selected wavelengths ilowe'ler. it should 

be verified that the ratlo of those emlssivlt~es i3 approxlmately unlty or, 

ln other wnrds. that a target e'hiblts ~rey body characteristics. 

In view of the ab ove arguments the Ratlo-Scope 8 two-colour pyrometer 

..,rdS used. The instrument was fabricated by Caplntec Instruments and it was 

calibrated by the manufacturer between 1073 and 2273 KIts response cime 

was 0 3 sand It measur8d the Intensitv of radiation emitted ln narrow bands 

around two wavelengths U 33 pm a~d 0.78 um. Close-up lenses were mounted 

on tne ObjectIve for sm.:1l1 target measurements In e,-:perlments descnbed in 

thls chapter the pyromGter W3S focused on th€ centra~ part of the cruclble 
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Radio frequency Interference was experiencpd betwcen tlw Illclgnetic field 

generated by the torch coil and the pyrometer winch ln...:luded the senslng 

head, the control readout unit and the connectlng c.1ble, Although Ratio­

Scope 8 could be operated with no protection, the interference was severe 

with another two-colour pyrometer which was initially employed ln the studv, 

Since it was not feasible to remove the source of Interference' nor to 

deflect electrom.1>;netlc interfel'ence (EHI) fiF:Jd, n ... o <,hlelding .1lUlnlnUm 

bo:-..es were bUll:.. to E'nc lose the' he,ld ,1I1d the l'l',ldout Ulll tIn tl1l'Ol",', tlIP 

bo:',es, often cdlled F<1Lldcly cages, shLuld not COlltd ill ,1I1Y !jdp'. ',JI1 i ch \.Jould 

permlt leakdge of the e'{ternal field (Breed 1986) As proven bv Caus!:>. 110 

electromagnet1c radiation pas~es through an enclosure Illdde O\lt of a pedL'ct 

conductor (Cornez It,lSS) In pr.Ictlce, howevel', tlwrt~ lI1u!c>t Iw ,111 opclllng for 

the obJectl':e Lens and .1nother for the digHal rCddout TIll' problen; lS 

somt"what allevl.Jted by groundlng, The braided coppel' str3p, as sUiigpsted 

bv Breed \1986), Y,'as useci to clImlrllsh tlw 1 Illpe dol Il Cf' of th,' 1',ro\ll1dlll)', 

Lonnection dt IngL tl'equulcll'S The c.1ble bet",t'L'll tht· ~l'll',Jil~, Iw,Hl ,Illd th,' 

rl'adout unIt was aiso prutected by é1 br.1ided coppC'r sillelcl and groundcJ on 

both sides, Grounding on oilly one side resulted u. pooLC'r ShlC'ldlllg, thls 

conc]uslon was alsa reached by Rivenburg and Juba (1086) 

In general, when a pyrometer is focused on .:1 t.1rge:: tt ml'aS'lrl'S the 

Incident Elu.: densltv 11(.\,T), ';lhlCh consists oi tllL' (1111SSl0n froIll the tal(~et 

surface, radiatIon from the pl.lsrn.:1 g:1!:. ~lI1d radlat ion [rolll thl' ~\lrrO\l!ldlllgs 

reflected fro'n the télr:,et surface, w!.ere .\ denotcH,; y,<I"C' ll'Tlf',th ,ll,d r lS the 

absolute temperdture 

In plasma 

reglected 

bodv hole 

H(>.,T) 

s:lsterns, contrlbutlons fron! the L,st t'..,o tel'ln-; IIl.!V never be 

To ver:fy ternperDture rÛ<ldlni~s tdkpl1 Ily thp pyl'omC'tl'r, a bLICk 

W<1S drilled in .:1 graplllte c-!1ll,d(,l' ,1'][1 .Ill ''']')'Rt'~/W-26'';\e 

thermocouple (dl"sr:rlbc'c! ln t:1C ne',:t Sl'ctlOn) 'Nd', lI,'.,·rtc·c! Inr.;id .. lt The 

c:/llnder dlc:lmetel" and lt'> len!;th ',.JL're ldVl1tlc:d lo tlJ(' dcttldl lIlolybdènulIl 

cruclble, Once ::he pLl!...lnd 'N~S l':.::l'E,uished the pyrolnl!tric cCJoling curve \ ... as 

recorded and tne sllrLlce temperaturc 'Nas obtainc·d b',' e':tr"poldtlon of 
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tAmperatures ta time "zero" on the semi-log paper. This is illustrated in 

F~gure 6.8 The temperatures measured from the cooling curves and by the 

thermocouple agree ta 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 select~on of different wavelengths ta avoid argon spectral Unes. 

However for the system of reacting hydrocarbons it is virtually impossible 

ta avoid the radiation from the plasma gas. As a matter of fact, the 

radiation from the soot, carricd by the plasma gas, lS sa ~ntense that the 

surface tempe rature of the cruc~ble could not be measured during the 

reaction. 

It should be added that a difference of up ta 100 Kwas observed 

between the top and the bottom of the graphIte cylinder 

Once the amount of the volatile hydrocarbons in the crucible is 

depleteè, the temperature of the crucible inCledses untll it reaches the 

steady state According ta Touloukian dnd Dewltt (1970-1972) the spectral 

emjssivity of carbon, ,,,hich i5 a grey body, 1S arocll1d 0 8 ,;her2ss thot of 

molybdenum l5 between 0 1)7 and 0 65 dependlng on '..;avelength Thus the steaè:.; 

s~ate temperature will be higher for the clean molybdenum cruclble (because 

its emissivltv lS lower) thûn for a crucible w·lth a layer of soot deposi ted 

on It during the reaction (since Its emissivity 15 higher) Cnfortunatelv 

thi.s degree of "dirtiness" was not a reproducible f'.!nction of the 

operational conditions t-levertheless, it may be cO'lcluded that the highes t# 

temperature \Voule! be ac!1ieved for the clean molybdenum c!.'ucible and the 

lowest tempe rature for a crucible completely cOdted ,vith soot Such a 

"dirty" crucible may be approximated by a graphite cyllndér I~ follo''';5 from 

Figure 6.9 that for experiments in a hydrogen/argon pl<1sma the ma:umum 

temper a ture ITav 'lé'.' , 
~ J 

by up ta 300 K, at the sa~~ operational ~ondi~lons, 

depending on the amount of soot coating on the crucible waUs For the 

reasons that will soon become apparent, the lemperatures were measured by 

thermocouples rather than [rom the cooling curves 

It may be r~called from Figure ~.8 that due ta ~he constant spectral 

emissivlty of graphIte, the temperatures measured by the thermocouple Jnd 

by the pyrometrically derermined cooling curves, were essentially the same 

A similar conclusion may not be drawn for molybdenum For rretals the 

= 



--- --- --~---- -------~~~----------------------------

, 

1900

1 

1800 

1700 

1600 

)lE Rr Onl\:j 

+ 17.37. HZ 

° 33.57. HZ 

59 

1 

, 1 

-=-- _F===-I 
~ :;:;;.- 1 

Mo C\:j 1 1 nde 1- ------= _)lE .--- -

.----: ----- - + 1 

~---- ' ~V- 1 

Mo Cy 1 1 nder 

Mo Cy 1 1 nder 

~I -<>--"-1 --::;:;' -ai 1500 .;~ __ 0- -- ~ 
~ dti' 1 --- -- l. ____ O~ 1 

"§ 1400 /;7' _---pvo--~o _---0---1 
ID ,/ ___ 0 ' 

Q. 1300 ~ ./" / Y - a- 1 

~ (' ;/' __________ " ______ --~I / _____ 8--

1200 (0---- _________ 3 ,9- - - - - Cl 
r ~9 --_al! 0 Rr Onl\:j Groph. C\:jllnder 1 

lICO~ _-0-' 1 

_-0 TWO peINTS 6 17.34 HZ Graph. C8 1 Inder 1 
1 COD ... __ 0- ' 

! 0 33.5;: HZ Graph. C:,j 1 1 nderJ 
900 1 --'----" 1 - .L __ _ 

4 5 6 7 8 9 10 11 12 13 14 15 
Plate Power. kN 

Flgure 6 9 The Surface Temperature of the Carbon and ~olybd~num Cylinders 
in Argon and Argon/Hydrogen Plasma Jets (Plasma Parametprs Argon Flow = 
:0 81 g/min Axial and r.22 g/min Swirl, lIydrùgt:'n Flow = 0 61 or l ~G g/min 
to the Tail Flame) 

50C, 

450 l 
~ 1 

• 400 ~ 

! 350~ 
~ 300~ 

2:0 ~ 
~ 2CO~ 
r- 1 i I:O[ 

* From Experlment 

---, 

el, e2-1 . 10 

/ 

"" / 81/e2=1.07 
'4t ., 

lOt --
----./ 

/ 
/ -- e 1 / e2- 1 .0.4 

~-

---
91/e2=I.CI 

------------

f IODl 5C

1 OL-==~==~==~--~--~ ___ ~ __ ~ 
900 1100 1300 1500 1700 1900 2100 2300 

;r~e Temperature. ~ 

Fisure 6 10 Verificatlon of the Grey Body ASSU'llptlOI1 for [)ptprminatlOTl of 
Surface Temperature of :.lolybdenum CrllClbl{~ by a ';·..,ro-enLour Pyrometer 



.......................... ------------------------------------------------------~---------------~ 

1 

60 

emissivity at a smaller wavelength (el) is higher than emlsslvity at a 

larger wavelength (e2 ) (Heu::ann and !-lester 1975) Therefore a two-colour 

pyrometer tends to overestlmate the temperature of a metal surface At time 

"zero" when plasma is extlngulshed, both Hr(.~,T) ard HfC~,T) disappear 

(Equation 6.6), it follows [rom the Wien's law that (Wien's lmv is an 

approximation to Planck's law for À·T < 0 3 cm K), 

E(À,T) (6 7) 
À • T 

where E(À,T) is the monochromatlc emissLve power of a black body, cl and Cz 
a~e constants, c 1=3 7415·10- 15 ;J m2 and c 2=1.438S.10- z m K. Further. ::aking 

the ratios of intenslties at the two se1ected wavelengths it is possible to 

·..;ri te, 

(6 8) 

where T~ and Ta denote respectlve1y true dnd dpparent tempe ratures 

Substituting (6 7) Into (6 3) ô.nd after sorne .:ilgebralc marupulatLon one 

obtains, 

, 
.L el 

ln (-) + 
e 2 

III 
. (- - -) r! 

Tt À2 À 1 
(6.9) 

It is edsy tc see that for a grej' body, ,vhen e: = e 2 • T
3 

= Tt- FIgure 6.10 

presents tl-.e difference be t'.veen true and apparent tempera tures for di fferent 

ratios of emlSSlvities cornputed from e1uation 6 9, À1 and >'2 were taken as 

o 78 ~m and n 83 ~m As the true tempe rature and the ratio of emissivitles 

Increase, l"edcllngs of apparent temperaturc become Ltssocidted wlth large 

error5 From Toulouklan anJ De\Jitt's (1970-1972) compiladon of data of 

spectral e~issivitles of molybdenum lt fol1ous that the ratio of 
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l!c 73 1",/e O 83 I-m may vary, depending on the set of d3ta, but i t is never 

constant ln Figure 6 10 the experimental points were ohtain~d by 

subtractlng the true tempe rature , measured by the thermocouple, from the 

appdrent tempe rature determined from the cooling curves. It follows that for 

this invpst1gation :he rôtio of spectrdl emissivities, at t:hp mentioned 

wdvelength5, lS between 1.08 and 1.10. 

6 4 Thermocouple Thermometry 

In the lnductlon plasma system the flame remains at a floating 

potential of around 1100 V, AC at 4 MHz, as ~easured bv the Tektronix P6013 

probe with 1000 t1mes attenuation which was connected to an oscilloscope 

ln order to malntain the plasma flame the reactor, the sampling probe and 

tne heat exchanger were operated Dt the floating potential. An attempt was 

made to insert a non-conductive transite washer, that could withstand h1gh 

temperature, between the reactor and the heat exchanger which was grounded 

The gas leaving the reactor was still partially ionlzed requirlng a transite 

rlng at leas~ 5.0 cm wlde to avoid discharges between the gas dnd the heat 

e:...changer In princlple this change allowed the meaSlirelllent of temperature 

of tbe gas eXltlng the heat exchanger by a K type ungrounJed thermocouple 

lt ",as observed however, that the radio frequency ,-lltE-rf0rence (RFI) oC the 

corch field wlth the thermocouple wire résulted ln in3ccur3te temperaturc 

results. The 1nlet and outlet water tempe ratures were initlally meaSlirect by 

~lmetallic dlal :hermometers bet~een 0 and 50 ·C. Although accurate, during 

calorimetric e::perin,ents, the; demanded long runnlng times ta verify the 

steady state conditions 

In order to avoid 

L'eChnlque ta sE'Farate 

(hundreds of V, for a 

,:hese difflcllitles lL ""as necess.]cy t,) develop a 

DC thermocouple slgnal, (few mV) from tbe- RFI 

[loating thermocouple lnslde the probe) Normal 

filters would attenuate the already weak DC signal but lt is known that 

ferrite b"'dds have high impedance to radlo fre'lllencies, above 1 MHz In 

addition they can subst.1ntially attenuate tranSlent spikes whi ch often occur 

in RF pldsma sysce·ns due to arcing Ferrite bedds consist of poljcrystaillne 

spif'el struct·.Jre'j - c€,r IIn:.c nklterials '..JhlCh may contdll1 o:-:ides 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 shieldcd with a copper strap. The strip chart 

recorder was not placed in the F~~aday cage but was sltuated far dway from 

the torch. Every thermocouple line was wrapped around three or four large 

beads or snap-on chokes to gain sufficient attenuatlcn of the nOlse. 

As opposed ta the nlckel-chromlum vs. nickel-aIumlnum th2rmocouples 

used ta measure wacer and eXlt ga~ temperatures ie was necessary to employ 

tungsten rhenium thermocouples for measurements of gas temperature inside 

the reactor. Bare Wlre tungsten-5% rhenium vs tungsten-26% rhen:um 

thermocouples could measure tempe rature up to 3000 K for short exposures in 

neutrai or reduclng dtmospheres. They were supplied by O~ega Engineering 

Inc. Burns and Hurst (1975) reVlew other types of thermocouples for 

measurements of high tempe ratures 

During the initial experiments soot tended to form a layer at the tlp 

of the probe around the thermocouple jU: ..... tlon Although gas flowed through 

thls layer the flow rates through the probe were approximately 30 % lower 

than normal :lnd the recorded temperature decre.:1sed dramatlcally. l t is 

thought that the temperature of the soot layer was lower than the gas 

tempe rature due to the heat 10ss by radiation fr0m the soot surface. 

Subsequently, in the following experiments the thermocouple was removed from 

the suction probe 

An attempt was made to verify the calorlmetrlcally determlned flame 

tempe rature Llslng the suctlon probe In principle. one can measure the 

temperature of tne pure argon plasma flame at low power (below 7.0 kW) that 

corresponds to the average flame temperature of under 3000 K. Ho~ever. under 

those conditions the plasma flame inverts (Chapter 4), and the temperatu~e 

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 tempe rature was J ikely ta be higher thdn the 

average flame temperature. Thus it may be concluded that those diffic'llties 

prevent the use of a suction probe to measure the temperature even in the 

colder region of the RF pla&ma flame. 
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7.0 RESUL'l'S 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 ternperature, plasma gas composition, and 

residence time, and secondly to characterize the unconverted residue in 

terrns of elemental and mineralogical changes. 

This chapter is divided into three sections. The qualitative aspects 

such as rnicroscopy 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, che original or the fresh residue and after treatment éiS the 

unconverted or the unreacted residue. 

7 l Qualitative Results 

7.1.1 Visual Observations 

lt was initial:y discovered that if the crucibles were fully filled 

before renction, 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 forrning a porous darne. The 

hydrocarbon content of this layer was soon depleted and sa it stabilized in 

this position. As the reactloll progressed, the cracked gaseous hydrocarbon 

products flowed out of the crucible through the dome. Early during each 

experiment a layer of soot s tarted ta form on top of the dome and ta a 

lesser extent on the external crucible walls. The mass of the soot layer was 

usua11y about 0.1 g or Il % of the carbon initia1ly present in the sample. 

It is believed that the source of this soot was the decornpositlon of 

acety1ene produced in the reaction. 



.. : 

Il 

65 

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 crucib1e. 

The unconverted residue did not on1y form the dome, but it was a1ways 

found adhering to the inside surface of the bottom and the walls of che 

crucible. The entire unconverted residue cou1d be removed from the crucible 

and it hdd a ho11ow 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 

50 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 on1y 

then did it achieve red heat. lt may be concluded that the steady state 

crucible temperatures described in section 6.3 (Figure (, 9) ~''=rt on1y 

achieved after the cracking reactions were essentially complete Nothing can 

be said concerning the tempe rature of the residue within the crucible which 

was exposed directly to the plasma flame. 

The comp1etion of cracking could a1so be inferred from the colour of 

the plasma flame which became blue and white respectively for pure argon and 

argon/hydrogen plasmas. Carbon whiskers of soot which had grown on the do me 

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 tempe rature measurement by the pyrometer 

If the unconverted residue was re-exposed to the plasma ln J second 

experiment, no further reaction was observed. T1:is could be explained by the 

fact that the maximum cruclble tempe rature was neve>::' higher than 1700 K 

(Figure 6.9). The vaporization rate of graphite nt this temperature is 

practica1ly zero (Clarke 1967). The reaction rate of graphite and hydrogcn 

at the partial pressure of hydroE,en of 10 kPa can be estima ::ed as ma::imum 

1 nmol/s or 4.3.10-5 g of graphite/hr (Clarke 1967) which is tao small 
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amount ta be detected by weiglnng 

7. l 2 Microscopy 

In this section) the 

residue during the plasma 

changes III the mineraI texture of the CANMET 

treatment as determined by the optiC31 and 

sCRnning electror rnicroscopy are discussed. 

7 1 2 l Optical Microscopy 

Thin sections were made of bath fresh residue and unrcacted reSidue by 

lTlounting ground partlcles in a resin and polishing the resin ta cl thid:npss 

of 30 1l11..::rons on a gLls5 plate. F(\r frash s.1mples, the residu€: \vdS first 

leached wlth THF dnd then ashed in the LTA to remove most of the org3I1iC 

The unre<:ic~ed residue 

te:·:posed·o 17] >; I1vcl:'ogen pL1Sllld ae 1110 and 30.',0 K) does not dl:o:..o1-:e ln 

fHF and o\.idizt.-:; on1 y slowl v ln the LTA, and sa 1 t was S lrnply ground 

Tbe Slze of the partlcles depended on the silmple prepar.:1t.:ton. the 

shdpe, colollr J.nd other fvaturC's coulJ be examLned at rnagniflcatlon:o of ~OO 

and I~OO;·: in trans:ni tted and refl ec::ed 1ight In transrnitted llbht. the 

fJilrticles of tht! fresh residue \."ere les5 an[jular tilen the particles ot the 

unconverted rc~sldue I:i l''2flected 11ght, parcicles before dnd _If ter 

treatment displayecl distlnct coloul's Pdrtlclcs of the uJ'lc:mvertecl reslduc 

had no distingulshable structllre .1ncl showed plenty of ILnute reddish 

internaI refIectlons Single crystals were observed ewbedd~d in ~he matrl~ 

of the CAN~[T residue but thev were not seen in the upconverted reSldue. 

A fe'..: <;eneraJ cane lus ions may be drawn The ret> idue tifrer treatllcnt is 

even more homogl'neo'ls since no crystals could be observed ' . .;ah -400X 

magnification However, the prc.sence of interna1 refl.~ctlons su[;gest the 

eXist.ence of "Jer;; small and :'l:\perfect crystdls with cracks anè. fla\';5 The 

crucible t'ernperature was su[ficitmt ta tesu1t 111 the parti3l meiting of sorne 

minera1s Since coolin8 of the hot cruclble was fast (ternperaturè decreased 

to bel,w 800 oC in less than 15 5) c0rnplete recrystalllzatlon did not occur 

and the crystals Eormed were ~;nuscule. 
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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 cruclble (the 

dame) from an experiment in a 10 0 % hydrogen plasma at 3390 K were 

inves tigated on JSH- 840A scannlng elec tron microscope Samp les of the 

unl'eac teJ l'es idlle 'Nere too small ta permi t the analysis 0 f the same samp les 

111 bo th opt ical mlC roscopy and SE~l studies The samples '..Jerf> prepared by 

depositing a thin 1.a\'e1' of the matenal dispersed ln ethJ110l on graplllte 

mounts, 

Single crystals of 1 ta 5 pm in size were observed at the magniflcatlon 

of 5000:-.. on the surface of the carbonaceous partlcL>s of the TIlF leaehed 

C.\iiHET residue Iror., calcium and sllicon a1"e contained in different 

mineraIs, such as iron sulphate, bassanite arld siliea Then distributions 

vere m.:!pped (at SOOOx l1agnification) and it was confl rlTIcd that they were 

dssociated wit11 dl fferent .single erystals. 

Figures 7.1 a, band e show the unconverted re,ndue magni f ied 50, SOt) 

and 5000x. Beeause the residue was erushed after the rp,1ctloIl, the particles 

are angular Dlstribut10ns of iron, calcium :md 5111con w"re :n.1ppc'd .:mo 

these e lemen ts were I.miformly disseminated in t'very pdrt ie Le shown ln figure 

7 1 c X-ray spectra \Vere taken by SEM at a lIlJgnificat:.on of 50:-: of the 

fresh and the unconverted residues (Figme 7 2 and -: 3) The low 

magnificatlon ensures (Flgure 7.1 a) thac the composit 1 LlD lS obLlÎned frcill 

many particles and it may be eonsidered dS ;,\"rage 1111.» lt·chnique c:1nnol 

show elemcnts Ilf,hter than SOdlUlIl chus carbon ooes not i1Dr~ar in Figl.lrps 7 2 

and 7 3 Clearly, the plasr:l.:l treatment does Ilot prefer(,l'ti.dly lE'1II0Ve ,Hl',' 

of the impor Cant me tallie f':' lempnts 

Although some of the sulphur lS convert.ed ta 11 2 5 (Seetio:1 7 : J), 

Figure 7.3 sho'..Js th;tt most at the sulphur content i.s r·~tained ln the 

residue 
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7 1 3 X-Ray PO\vder Dlffraction (X~D) 

Although coals are 'lorma11y ashed ln LTA, to removp their organic 

content before analysis by XRD, the unconverted res iclue lias not ashed to 

avoid any chemlcal chzmges; the plasmas used were inert or reduclng w)llle 

the asher is strongly oxidizing 

The minerals of the fresh resldue are prescnted ln Fl2,ure -; :~ .:l Jnd 

JC'scrlbed ln (h;-,pter 5 The dt.:lnEes, they undergo dur-ir:\: tlw trC'c1tll'enL 111 

33 :) ~ hydrogcn plélsma élre presented in FlgtIl"e 

e:<periments were conducted at the plasma avera.ge tempe ratures of 157U, 192U, 

2320 and 2470 K respecti vely High background and sm,lll pC'ilks in al1 graph.c, 

<'l!ggest a high content of ilmorphous carbon 

As shown in Fl.gurc 7 4 b. g~lpsum and bass,1111ttC 

(C.:1S0 4 ,l 5HzO) lose their hydr.:ltion '...rater convertlng to anhydrIte (CaSO,) 

:\ comparison of Fj gures 7,'-' .J. to e shows that anh:'clrl te clecomposcs at h iglwr 

temperatures to C,ll'::'lLIIll sulphide (CnS) Ho',:e"cr, the decomposition of 

.-mhy,ü'lte begll1s bcfot'e CaS p;:;aks could be t';:;cognl::ed sugbe::>ting the 

existence of dO incermediate c0I11I'0uod The resolutlon Dt rlgures h, c, and 

d lS not sufflclent to rnake .1 deiinlte c;Jnclusioll tlut such an int"n:->edlat(' 

stage 15 CaS03 

To improve the re'oolution, the uncoo'J,"rt(·d reSlduGS from t,,,,o scrics o[ 

",periments ln pure argon and ::'7 3 l hydrogen pL1S:I1<1S ,';l:[t! o',adl::c.d ln LTt'. 

and 3nalyzed hy XRD Ali <lsh:.ngs <lnd an.:ilysls were conducted under the saille 

condi tlons As ex?ected, CaS was Ilot idcntlflell SLuce It '.Jas oXldi=ed to 

CaS0 4 l''llich ',volS present on J!l ;':RD trclces If LTA 1I.'0uld fu'st o'udi::.:> C1S 

to CaSOJ and then to C~ISO~ one ,vould e::pect to s<'e CaSO} on ..111 ;',RD tré1ce" 

(1 f the o::idaticn \vas not complete) or on nOlle of them (it the oxidatlon ',,;,,S 

complete), Emvever. CdSJ3 W.:1S identlfled only on the XRD tré1ces t.:lken from 

tbe lower ternpCë.1ture exp,Jriments; specifically .... t 1660 ,:1l1c1 :-:16') K 111 17'3 .. 

H, plasma and .lt 22.'10 and 3100 K III pure argon plasma 

observed at 2~)20 awi 310n K 111 17 3 % hydrogen pLlsllla nor ;;.t 36HO ;::.nd /d50 K 

ln pure aigon pldsma, an <!xalllph~ is ljlven in Fi 1jUn2 7 -4 f Th.s pro"es L1L,t 

CaSO. 15 an intenredldte compound and C':~i.3t: nt th.:; 10,:el' tp,nperature onl:; 



N 

b .... 

5.1313 
4.05 
3.213 
2.45 
1.813 
1.25 
13.813 

5.1313 
4.135 
3.213 
2.45 

1.813 
1.25 
13.813 
13.45 
13.213 
13.135 

71 

s 

s 

10.13 213.13 30.13 40.13 se .0 

s 
s 

+---~--~-~----~---~---~--~-~----~----~ 

113.13 213.13 313.13 413.13 S0.a 

! 5.00 
c 
:::J 4.135 
o 
u 3.213 

2.45 
1.813 
1.25 

13.213 .~---. •• l..> . ~~ à ~~ 
13 .135 r--rr.~iIf:I~YMh:~Jf' I~? Cs? 

s 
s 

CS? 

:::: b" Q Â.!~..k 
i i i i--~---"'----'-----"---

5.013 
4.135 
3.20 
2.45 
1.813 
1.25 
13.813 
0.45 
13.213 

113.13 2e.a 313.13 

13 • 135 ~~~W.a.J 

413.13 50.0 

s 
s 

C 

.--~---.------..----~----~---~._---~~.----~ 

113.13 213.13 3e.a 40.0 se .13 

7.4a 

7.4 b 

74c 

7.4d 



t 

1 

N , 
o ,.. 

CIl -c: 

5.1313 

4.135 
3.20 
2.45 
1.813 
1.25 
13.80 
13.45 
13.213 
a.0S 

113.0 

72 

5 

5 

213 .0 313.13 40.0 513.13 
::l 
o 5.1313 
u 4.135 

3.213 
2.45 
1.813 
1.25 
13.813 
13.45 
13.213 
13.135 

113.a 213.0 26 

s 
s 

30.13 48.0 

Figure 7 -'+ Zl. XKI.) T::-Jce of the CA;,:1ET Resldue Dlc,snl':ed ~n IHF 
and O,lC1::::ed ln LIA 

Flgure 7 4 b XRD TrilC(> of thE' l1nconverted Res idue , '1, 
...JJ 5 ., 

Hydrogen PLm,m<1 <lt 157U K 
Flgure - !-+ XRD Tracé' of the IJnconvè r ted Res ldue, 33.5 1 c 1; 

H) drogen rL1SIna <lt 1920 K 
Figure 7.4 d XRD Trace of the Cnconve r ted !~esidlle 33 5 'l; 

Hydl.ugen PL:,!,lTId ,1t 23::'0 }: 
tlgl:re 7 4 e XRD Tr,lce of UI" CnC'ol1'lerted Res u!ue , 1":) 1; 

Hydrogel~ PlilSlllci at 2:~70 K 
Fi 5 ure 7 'l. f XRD '[r.:lCt' ù r: tr.t; l7nconve l' ted Re s ldue O':idl,'ed in 

L'r'.-\ 17 2 .. !l",ll'o,~ell PI,IS,I',I dt 16(j() i: 

513.13 
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dnd PDF P.J.ttern A, Zl.,'h"dnte CaS0

4
, 6-2:26, Al. allHte ~J[lA1Si30'3' 20-5 LI8, An, 

ankente Ca(Fe.:·lgJICO"): J3-282, B, bilSSimite Ca50 1,·1 51120, 14-453, C, 
calcium suLphide (oldhcÎmae) C.:iS. 3-46<1, Ca, cdlcite CaC0 3 , 5-586, Cs, 
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0, luart:.: SlO~, 33-11(,1. S, sllver [rOI"! r-he filtr:: ;-"b' LI-783, Sl, sideritE: 
FeCG3 • 29-6%) 
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In conclusion,the follovling meChalllSm is suggested for the fixation of 

sulphur dunng the plaslila treatment, 

CaS 

ln add~tion,the carbondtes (dolomite, calcite) '..Jhich e3sily decompose t:o 

calcIum and rnagneslum oxides dllring the p] asmi1 t:reatïncnt mav d1so fix 

inorganic and (,rganlc su1phur (Ibarra ,~ 31. 19;-;9 l, 

CaO + HzS CaS + HzO 

In )3en2ral. ::he tlansfonnatlons of thé' 1_ron bf'11-inr; COII1pOllllds coule! not 

be resol'.'ed b:: X-r3y powder dIffraction For (".ample: lt .:.ppears t.h",: lLon 

sulphate c!ecomposes only at hlgher temperatures (Figure 7 4 band 7 4 e) . 

:\ltb.ough the pLoductlon of 1r0:1 would be c':pected i t c0uld not b0 confnmed 

c!l1e to thr: 10'.'" LesOltlt1011 of the una!:>lwd XRD traces ttlld lhe o'nd1Z1l1g 

ch~tl"acter or Li'A 

Tne C0[1"f'rS10n of lonl~ chcl1n p"rc,ffin~ "nt.! hlrh Il'olpcuJ.,r ' . .;e1ght 

c"cloalkanes ilrd aromaClc.s ta 11ght UI1!:>dturat:èd lr:droc,lrl)()l1s 111 tl-t' pla.sllt.3 

1S around 2 U % and 12 ~ respectivel)' (Baronnot et éJ.l 1987) If a !:>imilar 

conversio'1 lS obt.Hned frem the' CMl:·1E1 reS1due then a '::.ample of 12 6 (l.e 

10 e'.periments rtln ont.è after dnother) I-/Ould ptoducc at 10:15,- () 1::3 g of 

liquid hydrocarbons. A carbor. dlOnde (sublimat1on point clt -56 Il OC) tr3p 

s:1ould bi.' able to '~()!1dense all lUjLl10 hyJrocarbo!1::; ~ll1CC LlwLr l·rjuillhnuin 

const,mts drc !:>mall a::: low té 1pec3ture!:> (Smith and "an Ne',', L975) Th~ 

::-herm"l efflc1C'ncy of the constructpd trap \·ld.s cünfirnwci by Ilsing lirJllld 

n~trogen (boiling point -195.8 'C) ta condun.s(~ areon Ibod1ng potl1t 

185 7 OC) 5Jr:ce no 11quiu h:,(icocarbon'J V'(~re condensee!.lt Ill,:]',' he cOl1cluded 

that the pl.:lsma treatment:: ot tlie eMlt·1ET le..,iùue ln thp sernl-lldtcli re,J['lor 

does not 1ertd ta th., tOr/natlon of 1 trl'liJ b;.drocarhol\'-, 
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7 2 Quanti tative Results 

72.1 RepeatabiliLy 

Errors i.n the experimental data may have resulted from the uncertalnty 

ln process variables and from errors ln individual measurements 

The plate current was adjusted to ..to. l A v:hich correspûnded to ±O. 56 k\~ 

of the plate power. Thus the average flame tempe rature Iv.:lS detenTIlned \Hth 

the predsion of ±lS0 K The accuracy of the gas flow meters, pyrometer and 

t,'ermocouples has been di scussed previous ly. 

The gas composition was measured by the gas 211romatogt"aph which had a 

detectlon lia'l::: of around 10 ppm (0 001 ~) for a1l g;Jses wtth the e',ceptlon 

of :1ydrogen Its preCiSion vaned depending on g"lS concentl"ations but Lt \Ias 

usually around 100 ppm The lnstrument reJdlngs were perlodica11y c.omp3recl 

·.nth t~'" calibratlon 1I11:-.tuce and found that gas percentages agree ta ·.,rithu1 

5 % throughout tr.e wor!.:, clurlng the 5 3 Ille pe rlocl tbto re tentlon Clmes 

decreased slightly by less than 0.1 min 

For every series of expenments, wlth dlfferent hydrogen concentration, 

at least one point was repllcated :1ve repllcates were taken at 3390 K for 

10 % hydrogen plasma Tablé 7.1 ]!resents the concentrations of hyJrocarbon!:> 

.:md carbon .nono·uèe Ln :':1(' lntegral samp les collected usually during firs': 

three mlnutes of cvery experwent (column 4). The gas stream WéJ.S wlthdréllvl1 

through the suction prJbe '..Jhose tip was located 8 0 cm below the torch e::lt 

or 5.5 cm below the top of the crucible In aIl experiments the flm., of 

argon was maintalned cons':ant at 32.5 l/min; hO\.,ever, the flow of hydrogen 

was varied be t'.veen J 0 and 8 Il/min. 

Table 7.1 Campos i t i Or'. 0 f the Integral Sûmples of Proè-uct G<lses 

H2 F::'ow Temp Res idue Time C2Hz C;:l\ CH 4 CO 
( l/min) (K) (g) (mln) ( %) (), ) 1 %) (% ) 

0.0 2190 1 1950 4.0 0.076 0 016 o 020 0.016 
0.0 2990 1 2026 3 0 0.100 i) 009 0.000 o 039 
0 0 3370 1 2024 3 0 0.115 0 000 o. oua 0.049 
0 0 3670 1.2252 'J 0 0 115 0.003 1) OOG OOGO .J 

0.0 3670 1. 1945 3.0 0.111 0.000 J 000 a 058 

---,-------------------_._--- ----

-
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0.0 4110 1.2088 3 0 0.124 0.000 0.000 0.068 
o 0 4440 1.2085 3.0 o 120 0.000 o 000 o 074 
o 0 4450 1.1976 3 0 0.106 o 000 0.000 o 075 
3.6 2890 1.2093 3.0 0.145 0.019 o 051 0.037 
3.6 3160 1.2142 3 0 o 160 Ù .016 0.037 0.040 
3.6 3390 1.1946 3.0 0.148 0.012 o 029 0.040 
3 6 3390 1 2035 3 0 o 145 o . 01L~ 0.031 o 046 
3.6 3390 1 2013 2.5 o 168 o 014 o 037 o 050 
3.6 3390 1.2040 3 0 o 140 0.012 o 026 0.048 
3 6 3390 1.1979 3 0 0.143 o 013 o 027 0.045 
3.6 3590 1.2088 3 0 o 137 o 011 o 027 o 052 
3 6 3740 1.213L~ 3 0 0.132 o 010 O. 02L~ o 055 
3.6 3810 1 1944 3 0 o 127 o 008 0.02l O. OS 7 
3.6 3810 1.2049 3.0 0.125 o 008 0.025 0.057 
8.1 2500 1.2013 3.0 0.106 0.025 0.064 o 023 
8.1 2720 1 2176 3.0 o 120 o 022 o 062 0.026 
8 1 2920 1 2055 l 0 0.148 O.O2l 0.057 o 035 
8 1 2940 1.1931 3 0 o 139 o 021 o 057 l) 031 
8 l 30QO 1 2096 3.0 o 138 o 018 o 048 o 032 
8.1 31'10 1 1936 3.0 0.152 o 017 o 046 0.033 
8 l 3260 1. 1974 3.0 0.137 0.015 0.041 o 035 

The spread in the acety1ene concentration was bet\Jeen 0 140 and 

0.148 % which corresponded ta the difference in the converSlon ta acetylene 

ot 6.6 % (relative) Similarly, the conversion to cthyle'le shows spre:ld '"lf 

between 1.54 and 1 :30 %, to methane of be tween 1 67 and 2 00 % and t::> carbon 

monoxide of bet,Jeen 2 60 and 3 07 %. l t should be po inted out tlw t tlle 

.1cetylene results mdy be associated with an adchtlon error duc to the 

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

7.2 2 Quenching 

Since acety1ene may decompose 'llll'in~ sampling, thp dc,ign of the '.oJatel' 

coc1ed suction probe has an effect en the deterllllnation of the acctylene 

yleld. Thus the probe lnnf'r diampter (1 6 mlIl) .1nd thp gas flmoJ rdtl'S 

(250 cm3/IPin of argon) I,'ere "elected on the bas i3 of the e:':lwrimentdl IJod: 

by PloosteL' and Recd (1959) m'Cl Baddour and h.,;asyk (l')(l2) TIll<, sectLUl1 

\nll estlmate the e:·:tent of the decomposilion of acetyl",nc 1l1side the prob'J 

(used ln ~his proj act) as a fclnctlun of the quenching rate. Firsl1y. the 

thecl-etlcal C1uench rate Y/iU be givE'n followed by the estlln:ltiol1 of th, 

--~ 
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quench rates in the probe The average caleu1ated quench rate between 1500 

and 600 K will be 'lerified by experiments, then a simple segregated flo\" 

model, based on the computed quench rates will be used ta estimate the 

extent of the acetylene deeomposition. 

The quenehing rate (dT/dt) necessary to preserve the whole amount of 

acetylene in the sampling gas was given by Bukhman et al. (1965) as, 

dT 
> 

dt 

where To lS the sample tempe rature at the probe inlet, Tf is a temperature 

at whic~ the deeompositlon of acety1ene i3 negligible For e~ample, takin~ 

To=2500 K and T f =600 K equation (7 1) yie1ds dT/dt> 7 5.10 6 K/s 

Expression (7 1) tends to overestlmate the quenehing rate (Khait 1965) 

sinee it assumes the same quenching rate at hlgh (where the decomposition 

of acety1ene is fast) and nt 10w temperatures (where the decomposltlon 0: 
acetylene ls slow). 

In this study, the amount of aeety1ene present in the hot argon gus was 

always be10w 1 % and hence the transfer and thermodynamic properties of the 

hot gas were close to those of argon. Sunds tram and DeHichie Il 50 l ved 

contülUity, heat a.nd momentum equations for the quenching of 111gh 

temperature argon us ing a s lightly b igger probe (3.2 mm in diameter) and 

higher flow rate of argon (650 cm3/min) HO\"ever. the heat transfer 

coefficient is expected to be higher for the probe used ln this 

1nvestigatlon, thus the Sundstrl_:m <Ind De:'1ichie11' s caLculntlons pro'.'lde 

conser-J'ative eVaht3t~ons of the quenching rates. These are as fo11ows' 

5 0.106 K/s between 2500 and 2000 K, 1 3.10 5 K/s bét',,,een 2000 and 1500 K, 

a .16.laô K/s between 1500 and 600 K and bd 0;''' 600 K the acety1ene 

decomposition 1S neg1iglb1e 

The 1ast quencbinr:; rate was confirmed e-xperimentally ThE: suction probe 

with K ~ype th P rmocouple (0 8 mm ln dlameter) was used to withdraw the hot 

air from \:lthin the muffle f'..lrnace ",hase remperaturp W.:lS malntained abo'.'e 

1150 K. The conduction losses throug:, the thermocouple \vere neglLgible sinee 

the same tempe rature was measured lndepe~dent1y inside the furpaee dnd by 
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the thermocouple at the probe in1et The temperacure profiles inside the 

probe were taken along first 100 mm (Figure 7.5). An error associated with 

a single temperature measurement was ±20 K. Knowing the air f10w rate 

(500 cm3/min at STP) , the cross-sectiona1 are a for flow and using the ideal 

gas 1aw the quenching rate was calculated as 0.4.106 K/s at the beginning 

of the cooling Jacket at the probe inlet. This corresponds wel1 with the 

él\erage quench rate of 0.16.106 K/s obtained from the Sundstrom and 

De:1ichiell results between 1500 and 600 K and the local quench rate of 

() 31.10 5 K/s at 1150 K, however an has better heat trdnsfec properties than 

argon. 

In order to estimate the àecomposition of acetylene,based on the quench 

rates calculated by Sundstrom and DeMichie11. the segregated flow model (in 

a'ual duection) was employed. A'C. high temperatures the flow of argon is 

laminar however for thlS analysis good mixing in radial direction is 

assumed. Similar assumption >'las made by others (Amman <:nd Timmins 1966). The 

fust order rate expression (in acetylene) f')r the reaction C2Hz -t 2C + H2 

taken from l1elamed et: al. (1965) as (ln S-l); 

15100 
r = -1. 57.106 • exp ( - ---) (7.2) 

T 

was used in conjunc tion wi th the mentioned quench ra tes to yield the 

decomposition of :lcetylene in the probe of 32 ::.; This .:1pp p .:1rs to be a 

conservative estlmate especially since the quench r<.ite of 7 J.10 3 K/s (no 

decomposltion of dcetylene accorrjing ta Bukhllldn eC 011 1965) il1Jplie's thiJt 

only 85 % of acetylene is preserved. However: the model dops not inr.lude the 

adiabatic quenching 

It shou1d be noted lhat sorne soot was collected on .:l filter which wa:; 

attached ta the probe exit, the S00t could be also sucked [rom within t,1t~ 

l'eactor. 

Gas mixing ic; .:ln efficient quenchin~ techniqlle' \011 tl' flllenchlnlj r<\tE'~, 

thot are tWlce as high as for the quenching by colt.! "'/.111 HO'.vcvcr, on 

laboratory scale a sl.lction probe is (i :nore fle:'~lble method thdl1 other 

quenching techluqucs ;'loreovel', it is I..nlike:ly th.,,:: in the industrLll 
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rates, than used in this s tudy. can be obtained. 

to minimize but not to avoid the acetylene 

7 . 2.3 Gas Campos i tion and Conversion to Gaseous Produc ts 

Acetylene, ethylene, methane, carbon mono:üde and hydrogen \-lere the 

most important g,ases produced. However. the concenlréi::ion of hydroge'l 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 identified by its characteristic odour, but not: 

detected on the TCD detector, its r.oncentration was below 10 ppm. The 

concentration of nirrogen was b2tween 0.4 and L...O '0; dcpending on the extent 

of the air leakage into the gas samples; thus the cor.centrations of other 

gases were adjusted to air free basis. Carbon dioxide (10 - 70 ppm) was 

detected only in injec::ions which lwd high nitrogen Cotltent:, and sa il W<iS 

not considered as a product gas 

7.2.3.1 Effect 1) f Plasma Temperature and l-lydrogen Concenlra tian in Plasma 

Gas 

The conversion of carbon in the residue to acetylene (rigure 7.6) is 

at,out twice as high in 10 and 20 'l; hydrogen plasmas (2j ~) tharl in pure 

argo:l. plasma (14 i). Thère is no lncrease ln the ace::ylcne production once 

the hydrogen content in the plasma gas reaches 10 %. Thus it 15 pot.,sible 

that similar results would be ohtained in pure hydr08en plasmas Moreovel., 

the con'J'E:rsion to acety)ene in aq:;nn/hydrogen plasma', as a funct10n of 

temperature e:,hibits fi broad ma'ürlLlm at around 3200 K Thl S trend ilgrees 

·tJ:'th thE: r8sults of the thermodymillic calculLltions; hO'.vCvcl'. tlw V(tU]] lbriurn 

con':ersion is much highcr thi.ln pxper1mental 

Th(~ con':ersiop nE Ci1rbUIl t) ethylene (Figure 7 7) ,lI1ri I~lL'th,llle (Figure 

7 cl) lS higher in 20 i; thiln in lU:l; hydroùen pli.1SIna-, ln i~Cfj(!l.-dL, tbe 

treatment: 1.11 pItre dIgon plasma does not leael ta th,' product i.OI' aL e::thylene 

and methane unless the télOperatun's are below 300(J r: In Lact, :.lw 
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thermodynamic analys is predicted a small production of me thane 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;+- clecreases ta 1.0 and 1.5 % at 3800 K. The thermodynamic 

calculations antl.. ,ted slightly higher production of methane than ethylene 

(Figures 3.1 and 3.2). 

On the other hand, the production of carbon monoxide (Figul'e 7 9) 

depends only on the temperature of the plasma gas The> conversion of o:-:ygen 

ta CO is 40 % at 2190 K, but it increases to 106 ~ at 4~SO (Flgure 7 10) 

This apparent inconsistency is explained by th..; fact the CEe 21,0-XA analyzer 

ul'derestimated the total amount of oxygen in the sample due ta the oxygen 

removal by metals (Chapter 5) The eml.ssion of CO may be diVlded lnto ::·.·.'0 

stages. Below 2800 K the organic oxygen is rernoved by cracklng and th", 

conversion of oxygen to CO is approximately constant. Above the gus 

temperature of 2800 K the inorganic oxygen leaves the res idue becm!se of 

mineralogical transformations especially the removal of oxyger. from calcium 

sulphate. At this stage, the extent of the carbon monnxide emisslon is 

directly proportional to the gas tempe rature . This ie; corroborated by the 

results from XRD study which showed that the extent of the calclum stllpha ~e 

reduction to calcium sulphide increases with temperatl.lre 

Figure 7.11 compares the amount of hydrogen present: in .:lcetylene. 

ethylene and methane with the aInount of hydrogen l.nitially present in the 

residue. The difference between pure argon and argon;hydrogcn plasmas has 

resulted not only from the better removal of hydrogen from the l'es idue bv 

argon/hydrogen plasmas (Section 7 2.4.4) but aIse from the addition of 

hydrogen to the gaseous produc ts of pyro1ys is. 

The time required for reaction depended sO!1'ewhat on the plasma gas 

temperature but was less than 110 s for e,.periments with pure argon plasma 

(Figure 7.12) and 85 s for runs wlth 20 % hydrogen/argon plasma (Figure 

7.13). For an experiment perforrned in an inverted flame (which implies 

colder plasma on the f1ame 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 :?l lWIol/s at 4450 K in pure argot: plasma 

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

• 



82 

5.0r---------------------------------------~ 

4.5 
N 

ai 4.U 
lJ 

~ 3.5 
c o 
~ 3.0 
c o 
-f 2.5 
a 1 
u : 
a 2 G~ 
-' 

§ 1.5 ~ 
~ L 
al 1.0

1 

~ 1 

8 0.5~ 
j 

o 

o 100Z Argon 

:J 10. OZ H~drogen 

LI 20.01' H~drogen 

8 
o 

O.O~I--------~--------~------~--------~--------~ 
2000 2500 :3500 4000 4500 

Gas Temperature. K 

Figure 7 ~\ ConverSlOn of Carbon ln the CANHET Residu€' to Carbon Hono:nde, 
'(:']() rppll,:a.te.s ilt 3810 K for 10 1, hydrogen plasma (Argon Flow = 20 81 g/min 
Axial alld 37.22 g!m::.n S'Nid, lIjdrogen Fla.., = 032 or 0.73 ~/min ta the 
Ta i lflame) 

110
1 81 
1 

N loot 0 100;: Prgon 0 . 
C 00 1 

0 
(1) a 10.0: Hydrogen 
'::Il 

Sor 0
130 

:J) 
)0, LI 20. OZ H\dd rogen 0 0 

5 70~ 
0 
0' 

A a A a 
§ 60 o ~ LI 

~ 50r 
bO 

t::.. ... 
40r 0 !l 

a 
1 

c ... • 
1 

0 

~[ 
- • • .... • rJJ .. • • • ,1 L 
JI • • i • > • 

1 

c 
0 
u 

0 1 

2000 2500 3CXXJ 3500 4000 4500 
Gos Terroerature. K 

Figure 7.10 Conversion of Carbon and Oxygen in the CANNET Residue ta Gaseous 
Products; oxygen - open symbols, cûrbon - c10sed sYP1bols, fi'.Te repl.icates 
at 3390 K for 20 % hydroE;en ? lasma, t' .... o rep 1 icates at 3810 K for 10 % 

hydrogen pbsma (Argon FIO'.. = 20.81 gjmLn Axial ard 37.22 gjmin Swirl, 
Hydrogen Flow = 0.32 or 0 73 gjmin ta the 'l'nil Hame) 



i 

1 

N . 
ID 50

1 

J 
"'Cl -
(JJ 

45 [ ID cr 
c 40 -
C 
ID 35 0) 
0 
L 

"'Cl 30 Jl 
:r: 
"-
'<f 25 :r: 
u 1 

1 
'<f 20~ :r: 
(\J 1 

U 1 

(\J 15 ~ 
:r: 

':1 
(\J 
u 
c -
C 
ID 

Oi 
0) 
0 
L 

"'Cl 2000 
? 

t:. ~ 

0 

2500 

83 

~ 
11 

t:. 
0 

a 

o 

t:. 

B 
u 

o 

0 

o 
o 

Gas Temperat.ure. K 

o 1 DOl' R rgon 

o 10.OZ 

t:. 20.OZ 

Da 

4000 

H!:jdrogen 

H!:jdrogen 

o o 
o 

4!"00 

Figure 7 11 Ratlo of Total llydrogen in A.:etvlene, Eth:"lenc and Hethane ta 
Hydrogen Initially Present i.n the CANHET Residue, five replicates ae 339J K 
for 20 % hydrogen plasma ~Argon Flow = 20.81 g/min Axial and 37.22 g/min 
Swirl, Hydrogen Flow = 0 32 or 0 73 gjmin ta the Tallflame) 

N 

ID c 
ID -
~ ...-
ID 
u cr: 
0 ...-
c 
0 

ID 
L.. 
ID 
> 
C 
0 

U 

'1 ~ ~: 1 12 ..-rl ~o~OI 
1 

lOi 

8' o 2190 k' 

t:. 2990 K 

6 )II 3670 K 

. /1 j / 
.4450 K 

o 25 50 75 100 125 150 175 200 225 250 
Tlme. s 

Figure 7.12 Convers ion to Acetylene in Argor: P13sma as a Functiun ot Time 
(Argon Flow = 20.81 gjnnn Axial and 37 22 gjmin Swirl) 



84 

In general. one may conclude that the convf>rsion of carbon to light 

hydrocarbons i& limited by the cracking of the CANMET resirlue; however, the 

effect of the plasma tempe rature and its hydrogen content on the product 

distribution mdy be approxlmately predicted from the thermodynamic 

cons iderations. 

7 2 3.2 Effect of Residence Time 

The residence time was calculatE'd on the baS1S of LllP average flame 

tempe ratures at the torch exit and the reactor volume below the top of the 

crucible. 

Gas samples were \Vlthdrawn from the E'xhaust gases at the re.:1ctor outlet 

and through the suction probe 0.5 and 5.5 cm below the top of the crucible. 

ln addition an insert (2.54 cm in diameter) was placed inside the upper part 

of the reactor. This allowed ta vary the residence time (between tllE' 

crucible and the sampling points) between 0.36 and 52 ms 

No di[[erence in the conversion of carbon ta acctylene (within the gas 

chromatography error) was observed which suggests that most of the 

decomposition of acetylene oecurs at ::he top of the erucible and soot 1S 

swept ta the lower part of the reaetor and dCposlted on the rcaetor walls 

Thus lt appears that the decomposition of acetylene results from the 

diffusion of the products from the pyrolysis through che porous dome. 

Sinee the effect of the residence time. of a few milliseconds, on the 

dtcomposition of acetylene is within the gas chromatography élccuracy t!1e 

extent nf the deeomposition of acetylen8 inside the suction probe was likely 

overestimated. 

7.2.4 Chemical Analysis of the Unconverted Residue 

'd1is section will examine the affect of the temperature and the 

hydrogen concentration in the plasma gas on the organic and inorganic 

mdterials which were 1eft in the crucible after the treatment. During the 

experimertts the CANHET residue y;as exposed to the pl.élSma gas usually :or 

120 s (pure argon, 17 3 and 3J.5 % hydrogen pldsmas) 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 sorne transformations, and 

the organic carbon ma)' be consumed in the process. However, those changes are 

sa small that they cannot b,; accounted for by the analytical techniq\.les 

presented below. 

7 2.4.1 Solubili.ty 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 cruclble temperature 

The crue ible temperature is substantially lower than the gas ternperature, 

typical e rucible tempe ratures were gi ven in Figure 6.9. 

The average measurement ln Figure 7.14 is assoeiated '.vith an 

uncertainty of ±5 %. The amount of the residue decreases with temperatures 

but the effect of the plasma gas cannot be unequivoeally determined 

The unconverted residue eontalned prae tically no hydrocarbons whieh 

were soluble ln tetrahydrofuran This implies that the allphatic, alicyclie 

and part of aromatic hydrocarbon5 have been cracked and t'he organle part of 

the residue contains only condensed aromatie strue ture wi th he te roatoms 

which is not soluble in THF 

7 2.4.2 Ashing 

Sinee at 1600 K (Figure 7 14) around 50 % of the original resldue is 

removect from the cru: ible, mos t of the pyro lY5is takes p lace a t lower 

temperatures Howevel', the amount of ash left in THF insolubles inereases 

s lightly with temperatut'e (Fl.gure 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 indieates that at higher gas 

temperatures inorganic elements become more eoncentratE'd in the crucible 

whereas carbon is preferentially removed into the gas phase, This i5 
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expected since increasing gas and crucible temperatures gi'le faster and 

more complete pyrolysis. 

7.2.4.3 Atomie Absorption 

The unconverted residue, after ashing at 780 - 800 oC, was analyzed for 

Iron. aluminllm, vanadium and nickel on an atOInIC ,1bc;orp tian app.:natlls 

(Figure 7.15) Vanadium, iron and nickel were selected for their potentull 

to be used as catalysts in the CANHET process; therefore their recovery can 

be important. In addi cion, sorne researchers showed (Heubus 197 5a&b, 

Moisyeyev et al 1986) that the presence of metal particles, such as Fe, Al 

and Ni in the reac ting mIxture of hydrocarbons in plasma ma'! ch.:mge the 

product distrIbution enhancing the production of acct.ylene 

No significant variatlOns in the contents of Fe, Al. \' and ~i ' . .;ere 

observed as a function of temperature and composition of the pl<1sma gcis The 

results presented in Figure 7 15 ma;: be compared with the analysis of the 

ini tial CAN:--IET res idue (Table 5.2) ta show tha t no me tais are removed from 

the crucible during the plasma treatment. 

Two conclusions may be drawn: (1) since they do not volatili=~ the 

Inetals have no eEfect on the reactions in the gaseous phase and (2.) to 

recover the catalyst fllrther separatlon is reqllired. Since the SE:-1 results 

demonstrate that the metais are evenl v distrlbllted in the lInconverted 

l'es idue the separation shollid be performed by a chemic.:d process. 

72.4 4 C-H-N-S-O Analysis 

The hydrogcn content of the llnreacted resIdlle ma'! vary greatIy 

depending on the position of the unreacted residue in the crucible For the 

carbon and hydrogen analyses the unconverted residue was divided into two 

samples: one representing the top portIon of the unreacted material (which 

WBS directly exposed ta the plasma Elame) and the bottom part (which 

remained at approximately crllcible temperatllre). \.Jith the exception of 

experiments condllcted under the inverted flame conditions (Figure 7.16). aU 

resul ts show that the top part of the lInreacted mater ial contains less 
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hydrogen. There seems to be a decrease in residue hydrogen content as the 

plasma gas temperature is incre.:.sed For the same average flame tempera ture, 

more hydrogen 15 removed from the res idue in argon/hydrogen than ln 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 i5 sorne reaction even here 

The sulphur content of the unconverted residue dops no: vJry 

appreciably with the position inslde the crucible. This lS corroborated bv 

the results shown in Table 7.2. The nitrogen and the sulphur content in the 

original CANMET residue was 1.18 and 3 43 % respective1y (Table 5.2). Hence, 

nitrogen and su1phur become more concentrated in the unreacted residue ThlS 

lndicates that the allphdtic, a1icyclic and .:.romatlc hvdrocacbons are 

pyrolysed first and those which contain heteroatoms, such as N and S, 

decompose during the later stages of pyro1ysls and their decomposition may 

not be complete. In addition, the organlc and inorganic 5u1phur i5 retained 

ln CaS (Section 7.1.3). 

Table 7.2 Ni trogen, Oxygen and Sulpnur Contents in the Unconverted Residue 

Temp. Hydrogen ln Plasma 

1 

Upper part 

1 

Lower Part Analyzed 
K % % % Element 

LI190 0.0 1.24, 1 24 1.46 N 
3670 0.0 1 39 l. 50 N 
3370 o 0 1. 35, 1 39 1 67 N 
2190 0.0 1. 68, l. 58 l. 67 N 
3390 10 0 1 32, l. 26 1. 78, l 73 NI 
3390 10.0 1.41 1.60, 1. 61 NI 
3260 20 0 0.75 l.08 N 
3190 20.0 1. 32 1 56 N 
3080 20.0 0.95 l. 65 N 
~920 20.0 0.98 l. 56 N 
3080 20.0 0 44 3.43 0 
3590 20.0 4 37 4.19 52 

l Separate experiments 
2 Using LECO induction furndct? and l-1etrohm titrator 

On the other hand, the distribution of oxygen ln the crucible, which 
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éoncluded that the decompo!'.ition of aCf>ty1ene IS d chaln rl'.lctlon. dS shawn 
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:,1,50 0,0 n Ir) 0 Id 
I,L,40 0 0 0 54 0 Cl lL 

/,110 0,0 0 47 0 35 
3670 0 0 0 75 0 ~l 
3670 0 () 0 22 0 55 
3370 0,0 0 -, 

)J 0 61 
2')90 0,0 ;).75 0 51 
2190 20,0 3 10 1 56 1 

3260 20,0 0,48 0 38 
3080 20 0 0.26 0 62 
2940 20 0 0 n, 0.72 0 54, 0 7/, 

2500 20 0 0 ,"J 0 1,7 0 57, 0 35 JJ. 

1 Inverted flame 

AlI analyses, descrtbed in this section with the exception of ,-Illphur, 

~.;ere performed on CEG 240·XA elemental analyzer (Chaptc~r 5) whose error ' .... as 

estimated to be be10w ±O 30 ~ (absolute) T"b1es 7 2 <lnd 7 3 contain 

replicates ·..Jhich support thb statement The error ussac i8ted '..Ji th the 

determination of sulphur was :t0 20 % (absolute), 
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7.3 Comparison with Gther Results 

The trea tment of pltches in argon/hydrogen plasmas has not yet bee:: 

fully investigated. The only other study was perforInE.d by Nicholson and 

Littlewood (1972) who experienced similar problems in pyrolysing condensed 

aromatic structure of pitches. They obtained maximum conversion to ac~tylene 

of 34.5 % although they were able to attain conversion from methane to 

acetylene of 87 9 % and from coal to acetylene of 74 '0; (the highest e-.. er 

reportcd) . 

Mazumdar et: al. (1959) showed that the yield of pyro lysis gas depends 

on the percentage of alicyclic and aliphatic hydrocarbons which are 

volatile, and during pyrolys is they form condensable compounds ca lled ta .-s 

or primary volatiles (Baumann et al. 1988). In the plasma gdS thosE" pdmary 

volatiles undergo further cracking resultjng in the production of acetylene 

However. pitches such as the CANHET res idue conta in high prO?Ortlon 0 f 

aromatic components which tend to retain their hydrogen cOl'tent durlng 

pyrolysis. Thus the acetylene formation mechanlsm can be difflJrent, lt mav 

actual1y consist of only one step the high tempe rature pyrolysis of 

aromatic compounds directly ta acetylene and its radicals. -::he addition of 

hyd:ogen may then occur in the gaseous phase. Such mechaI1~sm would favour 

the proà.lction of soot rather than liquid hydrocarbons. 

oecause of tht'ir characteristic composition~ no fair comparison can 

be made ~etween conver~ ion of pitches to acetylene and conversion of other 

carbonaceous I;>aterials to acetylene in plasm;:o. tiowever, the low converSlon 

of the CANMET residue to acetylene would be expected by analyzing the 

compilation of the conversion data of coal to acetylene by Dixi t et: al. 

(1982). 
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8 0 CONCLUSIONS 

l'he ::rf'atUll'nt of ttw (:t\~J:-tET r('siJu(' in purt:' ilrgon ,1I1d .1rgonjhydror,en 

pla~m.:ls ',.Jas lllvestq>ltl~d ln d 5talÏtH1Llry partic1e (se"li-h,ltch) reactor. 

T1w conversion of c,:il-bon in tlle' residuc to lighr hydt-oc.Jr!Jolls such as 

"cetylen~. l't;'hylt'IW :-,lld l1'<:,th.llw has \)(>('11 shawn ta dl'lwnd on t11(' plnsma 

il" r.lllll'tp r'> Th" C()Il"I~r<,ion W.1'--, 11/IIitJ'(\ by thf' cmnl'csÎt ion of thl' CAN~IET 

Ille; "':OIl"'eC!, LOl' to .ICt·t ylelw in PU1-P drgon pJ.l'dtl.! '.0101', .1I'l1l111d 1/, '1, ,Incl 

It c1ld not ch.1nge · .... i::h tlw ['"IS templ;r.~ture, only t1',lCC> dlllOlll1U, of ethylenc' 

d:ld 111Pth,ln\~ ·...;('rt' Ob'-,l'l-'lt"'d The prp~l'n.:p al hydlogl'n ln tllP pl.1',m,1 gns 

J,nprOVes th,' pyrolYSlb ot tlll' rL'<'llllll~ dliP ro mon' l,ft 1<':11'111 Iw,ll tr.lll<.f('I­

Ill't· .... (>('n the l'L1SIlW gas ,tncl the r(:~iduL'. 110reovpr.hyt!t-o}'/'[j (.th", p,ln III the 

['.,iseous ph,i~l~ reactions llnprovil'fj, by alrnost twofold, tlH' acptylene yield 

,md enhancing the pt-oductton of ethylene nnd methanc TIlE' m.lxilllum conversion 

:0 <lcetyh~ne dnd ethylene (together 2 ft 'ls) was obt.1incd bptWC'PI1 2900 and 

;:.00 r: as predicted from the therrnodynamic cnlculations The increa<,e in the 

hydrogen concentration in the plasma, above 10 'll, dit! not improve the 

.1cetylene yteld but resulted in the higher production of ethylL'l1e and 

me thane. 

The 10w conversion ta aCC'tylene (and a1so to ethylet1l') i·,.l re!':.1l1t of 

the conden~ed heteroarornatic structure of the re~ldLle, it,> h1gb oxygen 

content and the lm" cr.J.cking ternperature. The cracking of arOInatlc and 

heteroarornatlc compounds leads not only to the forrnation of .1cetylene and 

lts radicals but also leaves the dehydrogenated residue ln the crucible. 

Because of its low ternperature such residue doe5 not rcact · .. ith the hydrogen 

in the plasma gas 

During the treatment in plasma, the inorganic minerals in the residue 

105e their crystallization water (sulphates, clays) or de compose 

(carbonates). Sulphur (organic and inorganic) 1S retained in the unconverted 

residue as calcium sulphide. The released oxygen rear:ts with carbon forming 

carbon monoxide. The conversion of carbon in the CANMET residue ta CO is 

between 1. 5 and 4.5 %. Nitrogen concentrates in the unconverted residue 

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

The crucible temperature was lower chan 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 \",ell as 

on the cruc~ble and reactor walls 

lt can be concluded that the treatment of the CANMET residue conslsts 

of two stages: (1) reactions inside the crucible which include the pyrolysis 

of the hydrocarbons and the tr8nsformation of the minerai content of the 

residue anct (2) reactions between the gas products from the pyrolysis and 

the plasma gas. 
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9.0 RECOMMENnATIONS 

The conversion of the CANMET residue, ta 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 crucib1e 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 do me 

at the top of the crucible and too long residence times. 

The first constraint may be eliminated by surrounding the reaction 

chamber wiLh 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 1s to be sca1ed-up it is important to obtain energy 

requiremept (SER) data for the production of acetylene; hence the 

lnductively 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 di lute the exhaust gases. 

Finally, a few words of caution. Usually a high intensity arc is 

required to react SOlld carbon with hydrogen plasma to produce acetylene. 

Thus it is economically impractiLal to improve production of light 

unsaturated hydrocarbons by a direct reaction of the unconverted residue 

wi th hydrogen. 
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