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ABSTRACT  

A study has been made of the kinetic and thermodynamic aspects of cuprous 

chloride reduction on a coke surface by hydrogen. The steam-carbon reactions 

were studied in order to discover if the adsorbed hydrogen generated during 

the reaction could be resp?nsible for the reduction of cuprous chloride vapour 

at the coke surface. The nature and characteristics of the deposited copper 

were also studied. 

The most efficient method of reducing gaseous cuprous chloride to copper is 

by gaseous hydrogen and according to the kinetics and thermodynamics of 

the reaction, this process will proceed faster and to a greater degree of 

completion, the higher the reaction temperature. However when cuprous chloride 

is reduced by gaseous hydrogen, copper will deposit on any convenient 

substrate; there is no preferential deposition on carbonaceous materials 

when reduction is solely by gaseous hydrogen, The most effective method of 

depositing copper on a carbonaceous material is by hydrogen contained on that 

material surface, On coke and charcoal this hydrogen exists mainly as meta-

stable hydrocarbon groupings on the surface and the quantity and apparent 

activity of these groupings increases with a decrease in the maximum temp-

erature to which the carbon material haS been subjected. 

Although reaction with water vapour will create adsorbed hydrogen on a de-

gassed coke or charcoal surface, the quantity generated is small compared 

to that inherently contained by either carbon material ( 000 ), However 

of the two, charcoal can adsorb four times as much hydrogen, gram for gram, 

than can coke. Any beneficial effect that water vapour has, generating 

adsorbed hydrogen, is offset by the fact that gaseous hydrogen is also 

generated leading to non specific deposition. 

If the partial pressure of hydrogen is lower than that of cuprous chloride 

vapour then a dendritic type of growth is favoured, if the reverse is true 

then crystal and filament growth is more predominant. Copper can be 

deposited on the copper deposited on the cokelif the partial pressure of 

hydrogen is low, and the nature of this deposited growth is platelets and 

filiform. 



The effect of water vapour in the system has a negligible effect on hydrogen 

production, compared to the amount of hydrogen produced by the thermal 

treatment of coke in heating to 850°C. However it does increase the amount 

of methane present in the system by 150 by its reaction with the coke at 

temperatures below 850°C. Thus from this work it is suggested that a coal 

coked at a temperature ndt exceeding 850°C would be a better segregation 

agent than coal for copper reduction. 

It was found from the steam-carbon reactions that the surface oxide Co is 

stable on a coke surface at temperatures upto 1000°C and that there are 

several types of Co each exhibiting a different degree of thermal stability. 

The amount of hydrogen on coke as hydrocarbons decreases rapidly with temp-

erature and there are two basic types of hydrocarbon. At temperatures 

higher than 850°C only adsorbed hydrogen generated by water vapour reaction 

would be the sole source of hydrogen for cuprous chloride reduction at the 

coke surface. Thus since charcoal can adsorb four times as much hydrogen 

than can coke airing reaction with water vapourIthen it would be a better 

segregation agent at temperatures higher than 850°C. 

The mechanism accepted for water vapour reduction by carbon is that it is 

a gas/solid interaction to give gaseous hydrogen and a surface oxide Co. 

Hydrogen sets up anadsorption-desorption state with active sites and the 

surface oxide degenerates into adsorbed carbon monoxide which is desorbed. 

There was no evidence to support the theory that the surface. oxide reacts 

with gaseous carbon monoxide to produce carbon dioxide , on the contrary 

it was found that the surface oxide reacts with water vapour to produce 

carbon dioxide. It was proposed that when copper replaces hydrogen on the 

coke surface, this disrupts the 1t-bonding of the carbon matrix which 

releases adsorbed gases and activates the breakdown of the surface oxide to 

carbon monoxide and of the hydrocarbons to hydrogen. This can be regarded 

as catalysis of the steam carbon reaction since the vacation from the 

surface by the adsorbed gases frees active sites for further reaction. 

The cuprous chloride trimer was indirectly found to be the most prominent 



species in the vapour phase in the temperatdre range 500 to 700°C and 

its vapour pressure was calculated to be :- 

log10 	 6.3 	It 0.1 PCu3C13  (mm Hg)  = 	5,540 /T°K 

and subsequently the value of AHv  over the same temperature range was 

found to be 25 -2 Kcal/mole trimer. 

************************************************************* 
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SUMMARY OF SYMBOLS USED 

	

( ) 	adsorbed species 

[ 	concentration or number of 

	

a 	activity 

	

ac 	apparent activity of carbon 

	

aC 	apparent activity of the free active sites 
f 

 

	

aH 	apparent activity of hydrogen on a coke surface 

C 	 carbon 

	

C
f 	free active site 

Co' 	surface oxide 

	

A G 	Gibbs free energy 

AHM 	Enthalpy of melting or fusion 

AH
s 	Enthalpy of sublimation 

tsH
v 	Ehthalpy of vapourisation 

	

k 	reaction rate constant 

	

K 	equilibrium constant 

	

P 	pressure of 

	

R 	gas constant 4.575 cal/deg when converting In to log10  

T• temperature °C or °K 

lr  gas residence time 

Note ppm in this work refers to volume parts per million 
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INTRODUCTION  

The extraction of metallic copper from its ores usually involves a smelting 

or a leaching process. Flotation can improve the concentrate grade but is 

impractical if the copper mineral is difficult to liberate from the gangue 

or when the copper minerals are mainly silicates. A smelting process is 

usually used if the ore is sulphidic in nature; this involves an initial 

roasting of the ore concentrate to remove excess sulphur, a smelting step 

to produce a matte of copper(I) sulphide, iron(II) sulphide and a sili-

ceous slag, and a conversion step in which air or oxygen-enriched air is 

blown through the molten matte to produce metallic copper and iron oxide 

which combines with the slag. 

Non-sulphidic ores are usually leached, copper oxide ore is leached with 

dilute acids or ammoniacal ammonium carbonate, followed by electrolysis 
4 

or cementation. However, leaching is inneffective for copper carbonates 

(malachite or azurite both invariably associated with dolomite and 

limestone), silicates (dioptase or chrysocolla) or mixed sulphide/oxide 

ores, therefore carbonates and silicates require calcining to copper 

oxide which is easier to process. 

These ores which are difficult to tr'at are known as 'refractory', the 

word is used in its.original sense i.e. from the french 11.15fractaire' 

meaning 'resistant'. These ores are aptly named as such, partially 

because the copper is finely disseminated throughout the ore matrix and 

thus difficult to concentrate, and also because of their high melting 

points. Thus at normal metallurgical temperatures these ores would have to 

be treated by a gas/solid or a liquid/solid reducing reaction to produce 

liquid copper. However it is well known that the metal chloride melting 

and boiling points are lower than those of their oxides (see table 1). 

Thus chloridisation of an oxide or silicate ore can produce a compound 

more amenable to metallurgical extraction. 
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( TABLE 1 (61-63)  

Melting Point 0C Boiling Point oC 

Metal Oxide Chloride Oxide - 	Chloride 

Cul  1336 430 dec 1690 

Cul, 

sniv 

1212 

1630 

500 

-33 

dec 

- 

woo(?) 

115 

Snit - 247 -  652 

Fen 1307 677 3414 1074 

FeIII 1465 304 dec 334 

MgiI 2825 417 3200 1416 

MII 900 	" 495 1516 950 

Con  1808 730 dec 1050 

CrIII 1990 - 3000+ 1300 

dec m decomposes 

There are very few new pyrometallurgical processes which can treat refrac-

tory ores successfully, some of these appear promising(1)  but the only 

recent major advance in copper production is the development of the segre-

gation process(2-18). 

In this process , the ore (1-5%  Cu) is heated together with small amounts 

of alkali chloride (0.1-1.5%) and a carbonaceous material (0.25-1.0) such 

as coal or coke. After a few minutes at 7006.8000C the coke is covered with 

particles of copper which can then be recovered by flotation. The process 

was discovered by accident in 1923 by Moulden and Taplin who were trying 

to reduce in situ a Chilean copper oxide ore to make it amenable to an 

ammonia leach. They found that when the ore was mixed with coal and heated 

to 600-80ec, the copper migrated to the coal surface. They explained this 

from the presence of sodium chloride in the ore. 
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Their original patent
(2) 

described a two stage reactor, a directly heated 

rotary kiln to raise the temperature of the ore which then passed into an 

insulated secondary kiln, together with salt and coal, where segregation 

took place. A later patent(3) described a rotary hearth type reactor, to 

the lower part of which the reagents were added to initiate segregation. 

The mixture was then passed into a soaking pit to complete segregation. 

The first pilot plant(4'5)  was put into operation at the Alaska mine in 

Southern Rhodesia in 1929. It operated until June 1931 when the low price 

of copper forced the mine to close. The reactor was a rotary kiln, the top 

three-quarters of which were used to heat the ore, at this point the re- 

agents were added and the lower quarter then acted as the segregation zone. 

The Union Miniere du Haut Katanga plant(6) operated with difficulty from 

August to November 1931 using rotary kilns in a two stage process, but it 

eventually had to close down, again due to low copper prices. 

The closure of these two plants seemingly terminated the commercial exploi- 

tation of the segregation process and over the next twenty-five years no 

plants were built to operate any sort of segregation process although a certain 

quantity of research work was being published giving a clearer insight into 

the mechanisms involved(19'20).  However, -in 1958 a pilot plant was built in 

Mauritania to treat the gold bearing Akjoujt copper ore(7) but again the 

operative difficulties of rotary kilns in a two stage process were too great 

and the plant closed down. A new plant is today treating the same ore(8) 

but it is using a new style one stage reactor. In 1960 a one stage rotary 

kiln was built by Transarizona Resources at the Lake Shore mine(9'10'11) 

which successfully treats a copper silicate ore. A shaft furnace was con- 

structed in 1960 as a one stage reactor to treat the Berenguela copper- 

silver ore in Peru(12). The Anglo American Corporation built a pilot plant 

at Rhokana in Zambia(132
17)  which incorporates an outer fluidised bed 

heating reactor which overspills hot ore into a central segregation 

chamber into which the reagents are added. The commercial plant(14-18) 



(4) 

separates the two chambers and has the fluidised heating chamber feeding 

hot ore continuously into the segregation reactor by its side. 

Since its discovery the process has been investigated in many laboratories 

in order to find suitable reagents, optimum temperature, suitable apparatus 

and also to understand the mechanism and the thermodynamics of the reactions 

involved(19-45). 

The mechanism now generally accepted was first put forward by Rey(19,20)  

and is divided into three major steps;- 

1. Initiation A halide, usually salt, is hydrolysed by water in the pres-

ence of the ore constituents such as silica, alumino-silicates etc. to 

produce hydrogen chloride gas; 

x.Si02 + 2.NaC1 + H2O . Na20.x.Si02 + 2.HC1 	(1) 

2. Extraction The hydrogen chloride attacks the copper mineral (represented 

as the oxide) to produce volatile cuprous chloride; 

n.Cu20 t 2n.HC1 	2.(CuCl)n  + n.H20 	(2) 

3. Reduction and Segregation  The hydrogen associated with the carbonaceous 

material reduces the cuprous chloride to form segregated copper which 

deposits on the carbon particles; 

(CuC1)11  + 	n.Cu + n.HC1 . 	(3) 

One of the advantages of the segregation process is that hydrogen chloride 

is regenerated and so can react further with more ore. Thus salt additions 

theoretically account merely for hydrogen chloride losses by leakage and 

fume extraction. This process works well with siliceous ores (recovery 90-

95%) however the recovery from calcerous ores is still low (80%)* 

Segregation is being developed and extended to include other refractory 

ores but the major work being done is for nickel recovery(48-60) 
! 

In this thesis a study has been made of the nature of the reduction of 

cuprous chloride vapour on coke and its effect on the water vapour-coke 

reactions*  

************************** 
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CHAPTER  

Previous Work on Reactions Associated with the Segregation Process  

(a) Hydrolysis of sodium chloride in the presence of ore constituents  

The decomposition of sodium chloride by water vapour was found to be incr-

eased if an acid oxide was present, by Brewer and Roth(64). They found 

that silica and alumina both increased the production of hydrogen chloride 

by factors of 2 and 5 respectively. However their work also showed that a 

mixture of alumina and silica in the proportions 1:2 increased the sodium 

chloride hydrolisation by a factor of 30 at a temperature of 850°C. de Keyser 

and Deguelde(65)  studied salt hydrolysis in the presence of kaolin (A1203. 

2Si02  ) and isolated the product phase Na20.A1203.25102 and a compound of 

this phase and salt 3(Na20.A1203.2Si02).NaCl. Cirkov(66)  found a range of 

silicate compositions when salt was hydrolysed in the presence of silica; 

below 840°C. Na2SiO3„ Na2Si205  between 870 and 900°C and Na2Si307  between 

940 and 980°C. 

This reaction)  studied with special reference to the segregation process, 

was assumed by Rey(19) to produce sodium silicate Na2SiO3. Diaz
(32) 
 bel-

ieves the ortho-silicate Na2Si205 is formed. Rampacek et al.
(27) 

however, 

state that "... the yield of hydrochloric acid from quartz-salt or opal-

salt mixtures was no greater than that obtained by heating the salt alone 

in the presence of moisture". They believe that kaolinito A1203.2Si02.2H20 

reacts with salt to produce the alumino-silicate Na
4
Al
2
0
3
.2SiO

3 
and that 

silicates are more active than silica and that the presence of iron and 

manganese oxides also help because of the formation of sodium ferrite and 

manganate respectively. 

More recent studies by Hanf and Sole(68'69) of the hydrolysis of salt in 

the presence of silica, conclude that above a temperature of approximately 

700°C, the primary end product of the reaction was a glass of approximate 

composition Na20.2Si02  which contains some dissolved NaCl. They found that 

moisture is not a neccessary reagent. Rey(67) has stated that alumino- 
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the partial pressures of hydrogen chloride generated during the initial 

stages of reaction are much higher than those predicted from equilibrium 

constant valuesland they reason that this is because the sodium silicate 

formed is soluble in the quartz to a small extent thus lowering its act-

ivity. Thus they state that the reaction;- 

2NaC1 + x.Si0
2 

+ H2O 	Na
20.x.Si0 + 2HC1 	(i) 

where x is equal to two, is the most prominantl and the establishment of 

equilibrium is extremely rapid (< 1 sec.). This has an important implic-

ation for the segregation process since, as rapidly as hydrogen chloride 

is consumed by the chloridisation of the copper in the ore it is immed-

iately replenished by the hydrolysis reaotion. 

(b) Chloridisation of metal oxides and ores  

Chloridisation of metal ores is a well known metallurgical process and is 

well reviewed(70'71) However the previous and some present(48'72) aims 

of chloridisation are to produce a solid chloride which can then be 

leached, or to extract the gaseous chloride and condense it(46.47) It is 

only a segregation process which aims to reduce the chloride to the metal 

not in situ, because this severely hinders further extraction, but on the 

coal particles. 

In all copper segregation.  plants salt is used as the chloride generating 

agent mainly because of its low cost. Some ores, due to their included 

chloride, such as atacamite (Cu2
Cl.(OH)

3
) need no salt additions for 

segregation to take place(21) A mixed copper oxide/sulphide ore was subject 

to segregation tests with various halogen bearing reagents and it was 

found(31) that with a siliceous ore CaC12'Me12'NaF'0103 all gave as good 

results as did salt,however with calcerous ores only CaC12  performed as 

well as salt. Sziklavari(36) chloridised both Gu20 and CuO with calcium 

Chloride in the presence of a ferric salt and/or silica. He found that 

the presence of either Fen, or silica, or better still bothl gave much 
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improved copper recoveries. Neumann and Schlechton(73) studied the chlor-

idisation of various metal oxides by CaC12  at 800°C and found that additions 

of Al203'Si02 and  B203 each increased the degree of chloridisation. C0C12 
has been auggested(52174:75)  as a possible intermediary for chloridisation 

reactionsybut its thermal instability must exclude it from serious consid-

eration. Therefore, as a chloridising agent for copper segregation salt 

has many equals but in commercial production economics insist on its used 

In nickel segregation, although chlorides of C4Nallag and Fein  can give 

good results(54), many workers(49,51,53160,78) agree that CaC12 is a 

better segregation agent than salts this does not preclude the use of salt 

in nickel segregation(55-57,76-80). Indeed some workers(5859) use hydrogen 
chloride as a chloridising agent. 

In copper segregation however, it is accepted that hydrogen chloride which 

is produced by salt hydrolysis, reacts with the copper mineral (represented 

as Cu20) to form gaseous cuprous chloride 

n.Cu20 + 2n.HC1 	2.(CuCl)n  + n.H20 	(2) 

Chaleroux et al(79) contend that cupric chloride (CuCl2) can be formed by 

the reaction of hydrogen chloride with c4prio axideIbut Ivanshentsev(80) 

et al found that above 500°C cupric chloride decomposes into cuprous 

chloride and chlorine. 

Brittan(44)  however contends that in a segregation chamber, with sufficient 

carbon monoxide present,,any cupric oxide is reduced to cuprous. In the 

absence of carbon monoxide however, he found that a stoichiometric equi-

valence exists between the copper reacted and the amount of hydrogen chl-

oride consumed. This is in agreement with previous work(81) and corresponds 

to the reaction:- 

2Cu0 + 201 s 2.001(liquid)  + H2O  + i02  

Even so, by whatever mechanism, the end product of chloridisation is 

gaseous cuprous chloride, unless of course, the equilibrium partial pressure 
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of cuprous chloride is exceeded, in which case some liquid cuprous chloride 

would be expected. 

(a) Thermodynamics of gaseous copper chlorides 

Solid cupric chloride (CuC12) is unstable and decomposes to cuprous chloride 

(CuCl)nand chlorine. According to the figures quoted by Wicks and Block (82) 

this reaction generates one atmosphere of chlorine at 810°K. Hammer and 

Gregory(83) made an effusion study of the equilibrium pressures of cuprous 

and cupric chlorides and chlorine over solid and liquid cupric chloride; 

they found that at equilibriums- 

Log
10 P0 12  (mmHg) 	12,741 - 8672.T-1  ( T in °K) - 

and Log__
IU 

 P 

	

CuC12(mm  Be) . 12,941 	10,119.T "1  (T in °K) 

They assumed that cupric chloride vapour exists as the monomer, however 

Polyachenok(85) states that cupric chloride vapour exists as dimeric mol-

ecules. 

Cuprous chloride vapour was long regarded as dimeric on the basis of early 

vapour density measurements, but in 1948 Brewer and Lofgren(84) by studying 

the chloridisation of copper by hydrogen/hydrogen chloride gas mixtures 

discovered the existance of a trimer Cu3C13. For the reaction: - 

x.HC1 	x,Cu 	(CuCl)x  

they calculated the equilibrium constants K1„K21K3  for x Q 1,2 and 3. They 

found that as K2  was negative, Cu2C12  was not a prominant species, and 

therefore for the reversible reaction:- 

3CuCl 	. Cu Cl 
(g) 	3 3 (g) 

they found that; - 

AG = -126,400 - 12.51 T lob.' 	104.7 T 

Thus at lower temperatures the equilibrium will be shifted to favour the 

the formation of the trimer molecules, whereas at high temperatures, the 
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monomer becomes the species of importance. Wong and Sohomaker(86) proposed 

a planar six-membered ring structure for the trimer on the basis of-their 

diffraction studies. 

However, the existence of a tetramer (Ou
4 
 01
4 
 ) in the vapour phase below 

the melting point(87'88)  and above(85)  has been verified,and Mielcarski(89)  

found that in transpiration experiments with argon, the molecular weight 

calculated corresponded to a hexamer (Ou6C16),which he proposed existed 

as a dimerised trimer (0u3C13)2. Even so, when the carrier gas was changed 

to nitrogen the molecular weight vanes indicated that a tetramer was the 

vapour species. Federov and Shakhova(90) concluded from their saturation 

and boiling point experiments that above 475°C cuprous chloride forms triple 

molecules in the vapour, and below this temperature there is further 

association with the formation of the six-fold molecule 
Cu6c16° 

Hilden and 

Gregory(91) in their vapour phase absorbance work acknowledge the existence 

of a tetramer but confine their work to the trimer as this is the absorbing 

species in the near ultra-violet. They also verified the transition of 

cuprous chloride from the zinc blende structure at 407°C to a wurtzite 

structure which then persists to the melting point at 424°C. 

Thus experimental work concerning the structure of cuprous chloride vapour 

(001)x  suggests that the polymer coefficient x varies mainly with temper- 

ature)but can also vary with other reaction parameters. 

The vapour pressure plots for cuprous chloride as reported by various 

workers and calculated for the trimer, are shown in figure 1. and were 

obtained as follows :- 

(1) Polyachenok(85)  in 1969 quotes Log P(torr) 	5.046 - 4403J-/  (T in °K) 

(2) Federov(90)  in 1961, linear regression of his results gave in the 

temperature range 673-1073°K Log P(torr) 	6.408 - 5209.T-1  

(3) Hammer and Gregory(63)  in 1964 quote Log P(torr) 	10.290 - 7574a-1  

in the temperature range 500-700°K 

(4) Brewer(84)  in 1950 quotes AG 	37,870 	36.85.T.log T 	140.83.T 

and Log P(atmos) -A.G/2.303.R.T which reduces to , in the temperature 
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range 1000-1350°K Log P(torr) 	33.66 - 8.053.1og T - 8275.T-1  

(5) Tarazenkov(92)  in 1935, linear regression analysis of his results for 

the temperature range 900-1300°K gives Log P(torr) 	7.587 - 6459.T-1  

(6) Mielcarski(89) measured at 1073°K P 	torr OuCli3  

Three points have been taken from each of these workers results at the 

upper, middle and lower part of their temperattre ranges,and a linear 

regression analysis was performed on all these results to give s- 

Logio  P(torr) . 6.354 - 5276.T-1  t 0.25 	
 
(30) 

This value will be taken as the vapour pressure of trimeric cuprous chloride. 

(d)Reactions of cuprous chloride with other reagents of t  

(1) Sodium chloride In general if copper recovery is plotted against the 

percentage of salt added, the resulting plot would show increasing recoveries 

up to a certain level of salt concentration, then a plateau of constant 

copper recovery over a range of salt concentration , then recovery would 

fall off with increasing salt additions. This effect has been noted and 

studied(78'81'93194)  and is thought to be due to the solution of cuprous 

chloride in liquid sodium chloride which thus reduces the vapour ptessure 

of cuprous chloride. 

(2) Carbon and carbon monoxide Diaz(32) found no reaction of cuprous 

chloride on degassified graphite at 750°U. Hadjiat(81) also found that for 

pure graphite and even for degassified charcoal in a dry,inert gas flow, 

there was no reduction of cuprous chloride vapour by carbon atoms in the 

temperature range 600-800°C. This is only to be expectedIdue tth the thermal 

instability of carbon tetrachloride. Similarly,C0C12  exhibits thermal 

instability although it is considered by some to play some sort of role 

as a possible chloridisation agent(52'74'75)  

(3) Water Vapour Hadjiat(81)  found that there was a certain amount of reac-

tion between gaseous or liquid cuprous chloride and water vapour to give 
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hydrogen chloride and cuprous oxide. However he was not able to draw any 

firm conclusions about the degree of completion of the reaction. From the 

JANAF tables(62)  however it can be calculated that the equilibrium constant 

for the reaction at 700°C is about 1x104. 

(4) Hydrogen Several authors(95-101)  have studied the growth of copper 

from a vapour phase reaction. Bagdasarian(95) noticed that a fairly large 

proportion of cuprous chloride was volatilised and reduced inthe gaseous 

state by hydrogen. He observed also that besides the formation of equi-

axial crystals, hair-like crystalline aggregates developed on the copper 

surface at temperatures higher than 700°C. The structure of the copper 

deposited from cuprous halide vapour reduction by hydrogen, has been exten-

sively studied by Huber
(96)

. A copper deposit was obtained by using two 

experimental techniques :- 

(I) Hydrogen was reacted with cuprous chloride vapour transported through 

a tuyere by an inert gas. 

(II) Hydrogen was passed over cuprous chloride contained in a boat. 

With the first method Huber investigated the nature of the deposit on a 

substrate (glass,copper or silver) placed normally to the axis of the 

cuprous chloride jet. In the mixing zone the substrate was covered with a 

mirror-like coat of copper. In the outer part of the mixing zone, copper 

dendrites were observed, while in the inner portion filaments and crystals 

with round shapes appeared. The inner portion was larger at lower hydrogen 

partial pressures. 

With the second method, no dendrites were formed immediately above the melt 

but always filiform growth °scoured. Most of the melt was transformed into 

a spongy mass of copper crystals. The zone above the melt correspOnds to the 

inner portion of the mixing zone. In both cases the filaments of copper 

were of two kinds :- 

1. Fine filaments often very much ramifiedlthe diameter of these 

individual filaments was a few microns. 



(13) 

2. Rod shaped, straight or bent sometimes screw shaped copper crystals)  

their lengths ranged upto 1 cm. and their thickness 1/10 mm. 

The first type were more frequent, the filaments are always monocrystals 

and their longitudinal axis was always (001). According to Huber round 

shaped crystals are formed because the endothermic heat of the reduction 

of the salt vapour is extracted from the copper surface at which the re-

action occurs. Brenner (97'98)  found that the whiskers always occured on 

deposited copper *and the initial substrate had no effect. He observed the 

growth of copper whiskers through an optical microscope and concluded that 

these whiskers grow from their tips. He showed that if the whiskers grow 

by the condensation of copper vapour produced by the vapour phase reduction 5  

then the supersaturation of the copper vapour has to be 104 to 10
6 

near 

the surface to account for the observed axial growth rates. Since the rate 

of two dimensional nucleation would be extremely large at this value of 

• supersaturationIno whiskers would have been formed. Coleman and Sears(99) 

therefore suggested that the transport of the copper halide vapour to the 

whisker surface and subsequent reduction at the tip might be the mechanism. 

Brenner(97198)  deduced.  from the assumption of vapour condensation at the 

tip, that the axial growth rate should then be proportional to the rate of 

arrival of the copper halide vapour at the tip of the whisker. He verified 

that at least below the halide melting point, the growth is primarily 

controlled by the halide vapour pressure. Coleman and Sears(99) suggested 

that growth was projected by a screw dislocation along the axis of a whisker 

which should then be a perfect crystal apart from the one screw dislocation. 

However Allan and Webb(loo) did not detect any screw dislocation with X-ray 

diffraction studiesyand Yamamoto et al(101) did not detect this either with 

their transmission electron microscopy. Although growth from the tip is 

clearly shown, growth from the base cannot be ruled out. Allan and Webb
(100) 

observed both types of growth from a CuCl melt reduced with hydrogen. 

Hadjiats work(81) on cuprous chloride reduction gave similar results to 
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Huber(96) in as much as he observed two distinct zones of copper deposits 

when cuprous chloride vapout is jetted towards a substrate over which 

hydrogen is flowing. In the inner zone two types of growth were noticed; 

fine crystals forming a thin coating and III  branching filaments peril. 

endicular to the surface. The filaments were about 5 microns in diameter 

and up to i mm. in length. In the outer zone, dendrites had grown outwards 

from the surface with their main axes perpendicular to the substrate 

surface. Their lengths reached 1 mm. near the inner zone boundary but 

quickly decreased with distance away from this boundary. Hadjiat explains 

the two zones from the P
H  / PH 	ie 
2 HClP 	ratio, when 	is low, i.e. 

PH 
2/ PHC1 2 

is very small the nature of copper growth is filaments and fine crystals, 

when PH isis high i.e. P
H PHC1 is very large dendritic growths are favoured. 
2 

It is considered that the cuprous chloride vapour in a TORCO segregation 

chamber is reduced by hydrogen. This hydrogen is thought to be derived from 

the volatile content of the carbonaceous material and from the action of 

water vapour upon the carbonaceous material. As the purpose of this work 

is to discover the source and nature of the hydrogen that is responsible 

for the cuprous chloride reduction therefollows a brief summary of the 

present knowledge of some carbonaceous materials, of their volatile content 

and of their reactions with water vapour. 

************************************************* 
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CHAPTER II  

Previous Work on the Reactions of Various Gases with Carbons 

(1) The effect of thermal treatment on carbons  

(a) Gas Evolution Konchesky and Stewart(102) passed coal and steam in 

varying proportions into a reaction coil held at various temperatures and 

analysed the gaseous products. They found that coal volatilises rapidly and 

about 70% of the volatile matter evolves within 0.6 seconds at 854°C. De-

volatilisation then continues at a slower rate while the fixed carbon comp-

onent in the char or in the partially devolatilised coal, begins to take 

Part in the steam carbon reaction. They calculate that of the material 

volatilised, 57% is hydrogen, 17.5% is carbon monoxide, 19.5% is carbon di-

oxide, 4.4% is methane and 1.6% is unsaturated hydrocarbons. These values 

vary with the residence time and with the temperature of the coil. 

Emmett(103) when degassing various coals and charcoals by heating them 

to 1200°C, found that 0.5-1.5% by weight of hydrogen was evolved and that 

for a steam activated coconut charcoal, the volatile matter consisted of 

38.5% hydrogen, 58% carbon monoxide, 0.6% methane, 0.7% carbon dioxide and 

2.2% H2O and for a steam activated coal, the volatile matter consisted of 

30% hydrogen, 65% carbon monoxide, 1.8% methane, 1.1% carbon dioxide and 

2.1%1120. He also found that coal and charcoal only produce significant 

quantities of CO
2 (200) on heating to 1200°C when they have first been ex-

tracted with HP. His experiments show that the amounts of gas evolved when 

coal or charcoal is heated from room temperature to 900°C expressed as a 

percentage of the amount evolved when heated from room temperature to 1200°C 

are as follows:- for steam activated charcoal, hydrogen 27%, carbon mon-

oxide 59%, carbon dioxide 95%, methane 1%, and for a steam activated coal, 

hydrogen 23%, carbon monoxide 10%, carbon dioxide 82%, and methane 40. 

Interesting work has been done by Sharkey and co-workers(10708) who irr- 

adiated samples of coal,with laser pulses which heated the sample to several 

thousand degrees,and analysed the product gases.They also studied the effect 
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of various atmospheres on this reaction. The results of their work on various 

coals showed that acetylene,not hydrogen, was the principal gaseous product. 

Also, they found that the inert atmosphere had a considerable effect on the 

composition of gaseous products from any one coal type. 

Research has been carried out on the effect of various coal types(78) on 

copper segregation and it was found that in general that the volatile con-

tent should be between 6-20% and the coal should have a high specific 

surface area. 

(b) Surface Area. Razouk et al(104) found that the specific surface area 

of coking coals increased with carbonisation temperature and reached a 

maximum at about 600°c. Cokes prepared at temperatures above 800°C possess 

a much lower surface area , probably due to the sealing off of the micro-

pore system. They also discovered that coals and cokes prepared below 900°C 

exhibit a molecular sieve effect in as much as the specific surface area 

calculated from the adsorbtion of methanol was very much higher than that 

derived from the adsorbtion of benzene and cyclo-hexane. Toda(105) also 

found this effect when heat treating coals above 850°C. He found that the 

micropore volume began to decrease at about 90000 when calculated from the 

measurements made with carbon tetrachloride, but when carbon monoxide was 

used, the micropore volume apparently stayed constant until about 1100°C 

when it began to decrease with increasing heat treatment temperature. 

The change in charcoal pore size distribution and specific surface area 

with increasing heat treatment temperature was researched by Gutsze and 

Jarecka(106) They found that the specific surface area of charcoal rapidly 

decreased when the heat treatment temperature reached 700°C. On the evid-

ence of microscopic studies they stated that the smaller pores are elimin-

ated preferentially,which probably explains why these heat treated carbons 

exhibit molecular sieve effects. 

(2) Gas Chemisorption on Carbon Bangham and Stafford(109)  when studying the 

adsorption of hydrogen on graphite observed that large amounts of hydrogen 
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atoms and not molecules were adsorbed at room temperature. They also 

found that hydrogen-treated graphite became a good adsorbant for oxygen. 

Barrer and co-workers(110,111) also observedthat hydrogen is adsorbed as 

atoms and that the same atoms always desorb to give back the hydrogen 

molecule. The activation energy for hydrogen chemisorption was found to be 

between 22 and 33.8 kcal/mole as the fractional surface coverage was incr-

eased from zero to 0.3. Kingman
(112) 

in his studies on highly purified 

charcoal found that hydrogen was not adsorbed at a measurable rate below 

200°C. Over the temperature range from 340 to 395°C the activation energy 

for chemisorption was 30 kcal/Mole in the range of 0 - 0.3 cc hydrogen per 

gram. of charcoal. Thomas(113) observed that the adsorption of hydrogen on 

outgassed graphite was an activated process in the temperature range 600-

750°C and the activation energy for adsorbtion varied from 10 - 33 kcal/ 

mole for fractional coverage of 0.1 - 0.6. 

McCarroll and McKee(114) studied the reactivity of graphite towards hydrogen)  

oxygen and nitrogen they found that only oxygen at 1000°C was reactive in 

the undissociated state. However dissociated hydrogen was reactive at 700oC 

upwards and nitrogen at 1000°C. It has been known for many years that diss-

ociative or non-dissociative chemisorption of gases on carbon surfaces can 

only account for a small fraction of the total surface area. Chemisorption 

involves a covalent or ionic bond between the adsorbed species and the 

surface carbon atom or atoms. It is well known that the properties of carbons 

are highly anisotropic and there is every indication that chemisorption 

does not occur at the ideal regions of the basal planes,but only occurs on 

the basal plane edges and at basal plane imperfections s- vacancies,edge 

and screw dislocations, and vacancy clusters. Therefore in adsorbtion 

experiments only the reactivity of strong or active sites is measured. 

The existance of active sites on carbon surfaces has been suggested by 

many workers. Rideal and Wright(115) while studying the oxidation of carbon 

suggested that there were three types of surface site on carbon which 

behave differently in oxidation reactions. Long and Sykes(116) considered 
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that the same charcoal contained two different types of site, one of which 

reacts with steam and the other with carbon dioxide. Taylor(117)  and Co-

workers, in their studies on the chemisorption of gases on a wide variety 

of solid surfaces, found that their Elovitoh plots { q  .1.111(1 + acgt) oc 

where q is the amount of gas absorbed in time t and a and oc are constants/ 

of their results , showed breaks and abrupt changes of slope. They attrib-

uted this behaviour to absorbtion on different types of site. 

Walker and co-workers(118'119),  while studying the chemisorption of oxygen 

on carbon between 100 and 575°C, observed that chemisorption involved more 

than one type of site. Also in their studies using graphon (a highly puri-

fied form of carbon)(120,121) in the temperature range-78 to 160°C, they 

concluded that chemisorption takes place on five different types of active 

site. However in their work with hydrogen(122) on graphon in the temperature 

range 100 to 600°c, they observed only four types of site but they state 

that as the rate of chemisorption of hydrogen is much slower than that of 

oxygen, the fifth group of sites would only be observed if chemisorption 

was carried out at a much higher temperature eg. 700+oC. They conclude 

that as a carbon surface presents several carbon-carbon distances to the 

incoming hydrogen molecule, an activated complex formed between hydrogen 

and two surface carbon atoms would be expected to have different potential 

energy configurations dependent on these spacings between carbon atoms. 

Purl and co-workers(123,124) found that hydrogen from charcoals when being 

driven off between 30 and 1200°C is eliminated in steps, again they attrib-

ute this to different energy levels of hydrogen bonding. 

Chemisorption of hydrogen on coke is very important in segregation react-

ions because it is thought that this hydrogen is responsible for the red-

uction of the cuprous chloride vapour and subsequent deposition of copper 

on the coke. It is well known that cokelcoal and charcoals can hold many 

times their own volume of gas. Emmett(103) has shown that when steam acti-

vated coal is heated from 900 to 1000°C, typically 35.3 cc measured at NTP 

of hydrogen are evolved per gram of sample. 
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(3) Reactions of steam with carbon  

Konchesky and Stewart(102) in their experiments of heating coal and steam 

found that the following reactions are involved :- 

1.Devolatilisation (FC is fixed carbon and VM is volatile matter) 

COAL 	i* 	CHAR 	+ Volatile Components 

(FC & VM) 	Thermal decomposition (FC & residual VM) (tarplight 011,1120,112 

CO,CO2, H-C Gases) 

1a0Thermal cracking  

	

Volatile components + H2O 	> CO + CO
2 + H2 

+ H2O + H.0C Gases 

Thermal cracking 

20Steam-Carbon Reaction  

CHAR 	H2O 	CO + H2 4- residue of gasification 	(4) 

(FC & residual VM) 	 (residual FC & VM) 

3,Water Gas Shift Reaction  

CO + H2O 	CO
2 

+ H2 

Many workers(125-138) have found that the primary reaction products of steam 

and various forms of carbon were hydrogen and carbon monoxide produced by 

C + H2O 	H
2- + CO 

They also found that excess water vapour can react by :- 

^  CO + H2v 	00
2 

+ H
2 	 . .(6) 

This reaction was thought(125) to occur heterogeneously on the carbon surface 

and the carbon dioxide so produced could react with the carbon by :- 

CO
2 

+ C 	2.00 	
 
( 7 ) 

(4) Mechanism of Steam-Carbon Reactions  

'Long and Sykes(116) proposedithat when a water molecule comes into contact 

with a carbon surface it forms an adsorbed hydrogen atom and an adsorbed 

hydroxyl radical which subsequently breaks down into an adsorbed oxygen atom 

and another adsorbed hydrogen atom. The hydrogen atoms then combine to form 

(6) 

(5)  
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an adsorbed hydrogen molecule which can then desorb. The adsorbed oxygen 

atom leaves the carbon surface much more slowly but when it does it leaves 

as a carbon monoxide molecule. Johnstone(128) proposed a similar mechanism 

but with the condition that the hydrogen and hydroxyl group do not necessarily 

adsorb on neighbouring sites. 

The natures of hydrogen and oxygen on a carbon surface are totally different, 

oxygen is chemically combined with a carbon atom and forms carbon monoxide 

on desorbtion,whereas hydrogen adsorbs and desorbs as hydrogen. Thisd3o7 i 

not preclude the formation of a carbon hydrogen molecule but Thomas(137) 

his review of carbon reactivity states that at 80000 the rate of reaction 

of carbon and oxygen is some 108  times faster than the rate of reaction of 

hydrogen with carbon. Thus it is the formation of a surface complex between 

oxygen and a surface carbon atom that is the initial major product of steam-

carbon reactions. This was first postulated by Rhead and Wheeler(138) in 

1912. However it is the work of Ergun 	which gives a more modern account 

of the steam-carbon reaction mechanism. 

A reactive site on the surface of the carbon Cf reduces water vapour to give 

hydrogen and a site occupied by oxygen Co  :- 

--,  H2O + Cf  	 H2 

Equilibrium constant K2  = (H2).(0) / (H20).(Cf) 

The actual carbon gasification occurs when the occupied site leaves the solid 

phase as carbon monoxide and in doing so generates more free sites :- 

C 	CO 	n.0 

where n is an integer of value 0,1 or 2 when anitidividual site is considered, 

statistically n can have any value between 0 and 2. If n;>1 the number of 

reaction sites increases with gasification and the solid becomes more re-

active, if n = 1 the reaction rate will remain constant during an experiment 

and a steady state can be maintained, if n <1 the solid will become less 

active with gasification, 

(8)  

(9)  
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Carbon dioxide can also react with an unoccupied site generating a molecule 

of carbon monoxide and an occupied site:- 

00
2 

+ Cf. CO + C
o 	 (10) 

Equilibrium constant Ki 	(C0).(C0) / (CO2).(Cf) 

It will be noticed that reactions 8 and 10 are reversible, therefore in the 

steam-carbon system the reverse reaction of 10 is the source of carbon di-

oxide. This is more easily seen if equation 10 is subtracted from equation 

8,then the water gas reaction is obtained :- 

CO + H2 V--  0 	CO
2 
 + H

2 

Equilibrium constant K6 = (CO2).(H2) (C0).(H2
0) 

Thus 	K
2 
. K 

6
K
.  1 

Ergun(134)  measured K2"values for steam-coke reactions and found that these 

values agreed quite well with K2 values obtained from calculations based on 

carbon dioxide and carbon reactions (K1) and the water gas reaction (K6). 

Thus Ergun reasoned that the same surface oxide complex was involved in 

both the steam-carbon and the carbon dioxide-carbon reactions. Ergun(132) 

also measured K
1 values for three different types of carbon and found that 

the agreement was very good. Since his theory unifies the mechanisms of 

both reactions it is named the 'Unified theory'. 

The problem confronting most workers is the nature of this surface oxide, 

ig.the nature of Co. Shelef and Walker(139),  having discovered five types 

of chemisorbtive behaviour for oxygen(118,119) postulate that there are 

two basic types of surface oxide, the first is formed on sites which are 

exceedingly sensitive to contamination and posses a high reactivity ie. a 

relative short lifetime on the surface which gives a high rate of gasif-

ication, and the second is a more stable intermediate of steady state gas-

ification. Thus they explain their initial high rates of reaction. 

Mentser and Ergun(140)  studied the kinetics of oxygen exchange between 

carbon dioxide and carbon monoxide on a carbon surface and found that the 
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1 + k2PH + k3

P
H20 

2 

k1PH2° 
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rate was a few orders of magnitude higher than the rate of gasification 

(reaction 9). They conclude that the surface oxide complex consisted of 

two-thirds of a double bond between an oxygen atom and a surface carbon 

atom. 

(5) Kinetics of Steam-Carbon Reactions  

The empirical rate equation first postulated by Gadsby et al.
(125)  in 1946  

was that 

where k1,k2,k3  are constants and P signifies pressure 

This equation is most versatile in as much that if the pressures of steam 

and hydrogen are replaced by pressures of carbon dioxide and carbon monox-

ide then the rate equation obtained describes the oxidation of carbon by 

carbon dioxide. The equation is still being used at present(135,137) to 

adequately describe rates of carbon gasification reactions. However more 

sophisticated equations are used by Turkdogan et al.(141 -145)  in their work 

on the kinetics of carbon-carbon dioxide reactions using coketcharcoal and 

graphite. Turkdogan(142) proposes that the difference in reaction rate of 

the carbon types is due almost entirely to the difference in internal area. 

(132, Ergun 	134) in his unified theory, argues that the surface oxide/Co/formed 

during the water vapour reaction is exactly the same as that formed from CO2. 

Thus present workers can develop sophisticated equations to deal satisfact-

orily with their results and most are agreed that the gasification of carbon 

involves the formation of a surface oxide. Ergun refers to this oxide as Co  

a carbon site occupied by oxygen, Turkdogan however refers to it as 0202  

a carbon dioxide molecule combined in some way with a surface carbon atom. 

The Arrhenius: plots of log rate versus reciprocal temperature' give a grad-

ient which is the activation energy for a reaction. Workers(146047) have 

observed maxima in Arrhenius,. plots for carbon gasification whereas other 
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normal reactions give linear plots. Strickland-Constable(146) attributes 

this phenomenon to an oxide which can exist on the carbon surface beyond 

1000°C whereas the commonly accepted oxide is only stable up to about 900°C. 

Thus the nature of carbon gasification is by no means fully understood, 

(6) The Catalysis of Carbon Gasification  

In the previous section it was shown that the nature of carbon gasification 

was not yet completely understoodItherefore it comes as no surprise to find 

that the catalysis Of this reaction is even less well understood. 

The reviews(148-150) are summations of previous work,without any real attempt 

to make definite statements on proposed mechanisms. Walker et al.
(150) 

how-

ever;do place the theories of carbon gasification catalysis into two groups, 

the oxygen transfer and the electron transfer groups. 

a. Oxygen transfer.  This mechanism was first advanced by Neumann et al.(151) 

in 1931 and can be represented as :- 

RO 	CO
2 	

R0.00
2 

then R0.002 	
C 	RO + 200 

where RO represents a metallic oxide. Even so this chemical mechanism does 

not explain in what way the non-catalysed mechanisms are bypassed. This 

mechanism more or less tacitly assumes that the limiting step of the non-

catalysed reaction is the chemisorptive step and that a catalyst particle 

serves as an active chemisorptive centre. 

b. Electron transfer. Long and Sykes(127,152) made the first and most det-

ailed attempt to formulate an electron transfer theory. They summarise the 

mechanism as follows t- 

1. The catalysts influence the general energy levels of the reacting sytems. 

2. The active sites are considered to be the less firmly bound carbon atoms 

situated at the edges of graphitic lattice planes. 

3. When an oxygen atom is adsorbed at such a site, two types of distribution 

of theYtelectrons may be distinguished as seen in figure 2. Type (b) needs 

less energy to break the carbon-carbon bonds to release a CO molecule. 
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(a) 
	

( b ) 

Figure 2. Two types of distribution of 7T electrons (from Long and Sykes(127)) 

4. The action of the catalyst is thought to be such as to induce type (b) 

distribution of the 7r electrons; therefore, the activation energy of the 

last stage of gasification will be decreased by the catalyst. 

5. If the last stage is the rate controlling step, the overall activation 

energy will be reduced. 

6. The first stage of gasification will also be facilitated if the oxygen 

is attached to the carbon atom by a double bond. 

7. The mobility of 7r electrons provides a means whereby catalysts situated 

at various points in the carbon lattice may influence events at the active 

sites. 

8. The probable mode of action of a catalyst is explained by its accepting 

electrons from the carbon planes in order to facilitate both adsorption by 

increasing the carbon-oxygen bond strength and desorption by weakening the 

adjoining carbon-carbon bonds. 

9. It is immaterial from which part of the conjugated system the electron is 

removed. The catalyst need not be situated at an active site; it need only 

be in contact with the same plane of the carbon lattice from which the elec-

tron is removed. 

10. The ability of the transition metal oxides to accept electrons is expl-

ained by arguments of catalysis on semiconductors. Thus wustite should be 

a catalyst because of its metal deficit structure, while the metal itself (F.) 

4 
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is not supposed to have any catalytic activity. 

Thereforelthe Long and Sykes theory predicts a decrease in the activation 

energies of both the adsorption and desorption steps. It limits the number 

of active sites, even in the case of catalysed reaction, only to those corr-

esponding to edge carbon atoms. It does not explain the effect of catalysts 

on the basal planes. It excludes metals as the active catalysts. 

Rakswarski(153) however, extends the apparent validity of the Long and Sykes 

theory to include metals, his arguement is that the transition metals with 

unfilled d bands do satisfy the basic requirements of serving as electron 

acceptors and hence are capable of forming surface carbon-metal type bonds. 

The experimental evidence supporting both theories is large:however 

below are summarised the principal catalysts for the gasification reactions, 

Reaction 5 	Na and K carbonates(130'127), Cu0(154), Cuel2(155). 

Reaction .6 :- Fe2 03'  CaO and Na2  CO3 
(130,127) 

Reaction 7 :- Fe203
(127,156) 

Co and Ni(150' 

Inhibitors of reaction 7 are B and P found by Raksawski et al.(159)0 The 

only result here of real importance is the work of Kislykh and Shishakov 

who found that the uncatalysed activation energy of activated charcoal in 

the temperature range 680-730°C was 48.7 kcal/mole and when the charcoal 

was impregnated with 1% CuC12  solution this value was lowered to 44.2 kcal/ 

mole. Kroger and Melhorn(154)  found that of the metal oxides, CuO had the 

greatest catalytic effect on the oxidation of graphite by water vapour; fo-

llowed, in decreasing order of activity, by the oxides of Cr„NilFe,U,T4Mn, 

Co and Al. Alkali carbonates were the most active of all catalysts and, in 

decreasing order of activity were :- K,Na,Rb„Cs and Li. 

In terms of auto-catalysis previous results(125) show that hydrogen strongly 

retards the forward reaction of 5, and CO strongly retards the' forward re-

action of 7. The forward reaction of the water gas reaction 6- is retarded 

by hydrogen and to a lesser extent by CO2, the reverse reaction is retarded 

by steam but is unaffected by CO. Montet and Myers.(T), found that the app- 

Fe304 	Cu (156) 	(130), Cr  (157), Fe 	' (150 157 158) 

1571158).  



(26) 

arent activation energyof the steam-carbon(graphite) reaction varied with 

water vapour concentration, they also found that at a water vapour concen-

tration of 22,000 ppm, the activation energy Ea  was -68 kcal/mole,but when 

the water vapour concentration was lowered to 250 ppm then Ea  increased to 

-109 kcal/mole. Blyholder and Eyring(129) found that the rate determining 

steps were the adsorption of water vapour onto a graphite surface and the 

desorption of molecular hydrogen away from the surface; they also found 

that the adsorbed species had a limited mobility on the surface° 

Montet and Myers(136) discovered that a concentration of hydrogen of less 

than 1 vpm inhibits the water vapour reaction to an appreciable extent and 

they attribute this to the dissociative adsorption of hydrogen, thus the 

apparent activation energy increases with hydrogen concentration since it 

is hydrogen which blocks the active sites. 

Thuslas regards the segregation procesyt would seem that the ore and ash 

constituents if containing alkali carbonates would catalyse the steam-coke 

reactions° Also the deposition of copper metal would not only catalyse the 

reaction by its presence on the coke surfacelbut the reduction of cuprous 

chloride would remove hydrogen from the active sitesa 

As far as is known hydrogen chloride has no effect on steam-carbon reactions. 

Iapalucci and co-workers(160) in their work on chlorine containing coals 

conclude that the chlorine content of a coal is practically all evolved as 

hydrogen chlorideponly at temperatures above 2000°K does Cl (not C12) become 

a contending species°  Also,whatever its nature,the chlorine has no effect on 

the burning properties of a coal but does have a serious effect on the corr-

osive nature of the stack gases. 

.********************************************************* 
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CHAPTER 3  

EKPERIMENTAL WORK  

This chapter is divided into five sections* Firstly there is an introduction 

which explains the aims of this work as a whole and its relevance to the 

TORCO process. Together with this there is a brief resume of the experiments 

performed with an explanation of the reasoning behind, and objectives of 

each experiment. There follows a summary of all the experiments and major 

results in a tabulated form. 

The second, third and fourth parts give descriptions of the apparatus used, 

the accuracies obtained from the analytical equipment and a list of the mater 

ials used in the experiments. The final section is a detailed description 

of the experimental procedures followed and the results obtained from each 

experiment together with a detailed discussion of each experiment within its 

own context. 

(a) Introduction  

The primary objective of a TORCO process is to remove copper from the ore 

matrix, via a gaseous chloride, and to accumulate the reduced copper into 

discrete particles which can be recovered from the gangue material by flot-

ation. To facilitate recovery, the cuprous chloride must first be reduced on 

the coal particles where further reduction and agglomeration can take place. 

Therefore the successful operation of the process depends on the amount of 

copper that can be deposited on the coal particles, if the copper were to be 

reduced in situ in the ore matrix or if it were reduced on the gangue mater-

ial,recovery by flotation would be low. 

The object of this work was to discover the optimum conditions for copper 

nucleation on a carbonaceous material (coke) from cuprous chloride reduction. 

It was decided to study the reaction of water vapour with some carbonaceous 

materials and subsequently to study the nature of cuprous chloride reduction 

on coke. 

An apparatus was built to provide an inert gas flowing through a packed bed 
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of charge material and a water vapour saturator was built into the system to 

provide a known partial pressure of water vapour. In a TORCO system the 

measured partial pressure of water vapour is of the order of lcit'and so 

this was the main value of water vapour partial pressure used. From the 

previous work it is found that the principal reaction products of the steam 

carbon reactions are gaseous and that the reduction of cuprous chloride 

produces hydrogen chloride vapour. Therefore a gas chromatograph together 

with an automatic titrimeter were placed on line for continuous analysis of 

the exhaust gases. For maximum sensitivity of the chromatograph towards most 

of the product gases, helium was used as the inert gas,however this did mean 

that the instruments sensitivity towards hydrogen was reduced. 

An initial experiment Al  was performed with coke as the charge material, to 

discover the range of magnitude of the reaction products when the steam-

carbon system was followed and to find out what effect the sudden introduction 

of cuprous chloride vapour had on this same system. The effect of the latter 

action was to suddenlylbut brieflylliberate adsorbed gases from the coke 

surface. It was also found that to achieve a steady state, the coke bed had 

to be heat treated at 100000 for several hours to reduce the amounts of 

hydrogen and carbon monoxide being evolved to a minimum. Thus degassing at 

10000C was a standard pre-treatment for the various carbons studied in the 

B series of experiments. In these, the effect of temperature was studied with 

reference to the steam-carbon reaction and it was found that each system 

achieved a steady state7but that this state was far removed from true thermo-

dynamic equilibrium. The order of reactivity of the carbon types was found to 

be graphite,coal, coke and the most reactive towards steam was charcoal. The 

mass balances in each case indicated that the product gas analyses were 

consistent with the stoichiometric reduction of water vapour. Also it appeared 

that gas residence time was an important reaction parameter. The C series of 

experiments were performed to study the effect of temperature on the steam-

coke system at a longer gas residence time than was used in the B series. It 

was found that at a slower flow rate and with a deeper bed, at each temperature 
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the system approached thermodynamic equilibrium more closely than at a low 

residence time. To gauge the effect of residence time on the steam-carbon 

reactions , the D series of experiments were performed with coke, charcoal 

and with graphite at one specific temperature but at various gas residence 

times. It was discovered that as the system approached almost static conditions 

the reaction equilibrium constants tended towards steady values but that these 

values were still far removed from true thermodynamic equilibrium. 

Thus it was apparent that the steam-carbon reactions in this apparatus did 

not achieve thermodynamic equilibrium. It was now decided, in the E series.of 

experiments, to consider the initial reaction of water vapour with coke at a 

fixed temperature and to facilitate the study of this effect the coke was again 

degassed at 1000°C. The principal results were that the steam-coke reaction 

was slow to achieve a steady state condition and that there were sub-reactions 

involved in the process since the instantaneous mass balances were inconsistent 

with the stoichiometric reduction of water vapour. Therefore it was surmised 

that the reaction products ,hydrogen and carbon monoxide, were being adsorbed 

to a certain extent but at different rates during the initial reaction with 

water vapour. The ratio of hydrogen to carbon monoxide adsorbed was measured 

at 1:4.2 . Since copper particles exist in a TORCO segregation chamber, copper 

powder was introduced into the steam-coke system in.experiment F to discover 

if it had any major effect on the reactions of water vapour. It was found that 

copper physically admixed with coke had no significant effect on the initial 

or steady state reactions of water vapour and coke. 

For comparison with the other types of carbon studied, the G series of experim-

ents were performed duplicating the procedure of experiment E but the bed 

materials used were charcoal and graphite. The results together with the E 

results indicated that each carbon type could adsorb the reaction products 

(hydrogen and carbon monoxide) and that the amounts of, and the ratio between 

these gases varied considerably with carbon type. The ratio of hydrogen to 

carbon monoxide adsorbed was 1:8.5 for graphite and 1:0.1 for charcoal as 

compared to 1:4.2 for coke. 
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Having considered the steady state and the initial reactions of water vapour 

with coke and two other carbon types of different reactivity, it was decided 

to try and simulate conditions inside a TORCO reactor which involves neither 

the steady state nor degassified coke. In experiments H and I coke was init-

ially heated to 150°C to duplicate the drying operation of a TORCO plant and 

then the temperature of the coke was rapidly raised to 850°C as in the top 

of the segregation chamber. The effect of salt and water vapour on this process 

was studied by performing the experiments with all the combinations of :-

with salt, without salt, with water vapour and without water vapour. The results 

indicated that the principal source of gaseous hydrogen was from the volatile 

content of the coke and that the presence of water vapour or salt had little 

effect on the quantity of hydrogen so produced. However both carbon monoxide 

and methane were produced from heating coke to 850°C and these quantities were 

small compared to those of hydrogen,but the presence of water vapour increased 

these quantities of carbon monoxide and methane by reaction with the coke. The 

presence of salt in the system catalysed to a small extent these carbon mono-

xide and methane producing reactions. 

For purposes of comparison, charcoal was treated in a similar manner in 

iment J.  but in the absence of salt and water vapour. It was found that charcoal 

produced more hydrogen per gram of sample than did coke. 	Two and a half 

hours after temperature rise initiation,charcoal produced,per gram of charge, 

10 ml of hydrogen,2.6 ml of carbon monoxide and 0.6 ml of methane; coke under 

the same conditions produced 5.5 ml of hydrogen, 1.5 ml of carbon monoxide 

and 0.8 ml of methane. 

An interesting , but not significant result of experiments H and I was that 

nitrogen was evolved on heating a coke bed to 850°C. The K series of exper-

iments were performed by subjecting the coke bed to various pre-treatments 

prior to the temperature rise to 850°C. From these experiments it was found 

that the nitrogen existing in coke was mainly chemical in nature. Another 

result of the H and I experiments was that the presence of salt in the system 

apparently reduced the quantity of hydrogen produced to a small extent. In 
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experiment ksalt was reacted with hydrogen in the presence of silica and 

it was found that hydrogen chloride was produced,but that the amount was 

insignificant;- 

Having discovered that the volatile content of a coke is the major source of 

hydrogen in a TORCO system which contains 	of water vapour,it was decided to 

introduce cuprous chloride into this system. The M experiments showed that the 

ampule designed,such that the helium gas flow was directed at liquid cuprous 

chloride and the resulting vapour was then directed towards the coke bed, was 

the most suitable source of a known partial pressure of cuprous chloride in 

the apparatus used. By using this apparatus in experiment N to generate various

partial pressures of cuprous chloride in a steam/degassified coke system , it 

was discovered that no cuprous chloride was reduced on the coke surface. Instead 

the cuprous chloride had been reduced by gaseous hydrogen on the nearest surface 

to the ampule•which was the reaction vessel's walls. By analysis of the product 

gases it was found that there was a discrepancy between the amount of hydrogen 

generated from water vapour, calculated from an oxygen balance, and the amount 

of hydrogen actually measured leaving the system. However there was a direct 

correlation between this '.lost' hydrogen and the amount of cuprous chloride 

generated and measured by the titrimeter. Thus in a water vapour containing 

system using a degassified coke, the hydrogen consumed in the reduction of 

cuprous chloride was derived from the water vapour reduction reaction. When 

this oocurslit was discovered that the deposition of copper is non specific. 

Thus a degassified coke and water vapour in a TORCO system was not suitable 

for preferential deposition of copper on coke because the system generated 

gaseous hydrogen which reduced the cuprous chloride throughout the system. 

It was decided, therefore, that other sources of hydrogen for cuprous chloride 

reduction should be considered. 

The 0 series of experiments were performed in order to discover the amounts of 

hydrogen that stably existed on a coke surface at reaction temperatures and 

whether this hydrogen ,once removed, could be replaced by reaction with water 
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vapour. On heating untreated coke from reaction temperatures of 750,800 and 

850°C to 1000°C it was found that the ratio of hydrogen to carbon monoxide 

released varied from 4.5:1 to 2:8:1 . However when heating water-reacted de - 

gassified coke from the reaction temperatures to 1000°C, the ratio of hydrogen 

to carbon monoxide produced varied from 1:4.2 to 1:4.6 . It was also found that 

the hydrogen inherently contained on an untreated coke surface was more plent-

iful than the hydrogen that could be generated on a coke surface at the same 

temperature.The ratio of hydrogen from unt*ated coke to hydrogen from the water 

vapour reaction varied from 28:1 at 700°C to 8:1 at 800°C. 

Thereforet in order to nucleate copper growth on a coke surface,the P series of 

experiments were performed in which untreated coke,in a dry system, was 

reacted with a known partial pressure of cuprous chloride to discover if the 

inherently contained hydrogen on the coke could quantitatively reduce the 

cuprous chloride at the coke surface. The reaction was followed by monitoring 

the partial pressure of hydrogen chloride as well as periodic sampling of the 

exhaust gases for other reaction products. It was found that at each reaction 

temperature, the hydrogen contained on the coke surface was much greater in 

quantity than the 0 series of experiments had indicated. The 0 experiment at 

750°C indicated that there was 5 ml per gram of hydrogen on the coke surface 

whereas the P experiment at the same temperature yielded 24 ml of hydrogen 

per .gram.The bulk of this hydrogen reacted at a constant rate with cuprous chlor-

ide generating a constant partial pressure of hydrogen chloride. At 750°C, 

within experimental error, all the cuprous chloride was reduced to copper, 

however at the higher temperatures the reaction was less complete. A small 

amount of gaseous hydrogen together with large quantities of carbon monoxide 

were released in a non-steady state manner as the cuprous chloride reduction 

proceeded. Thus these experiments showed that the inherently contained-hydrogen 

coke could reduce the chloride on the coke surface, but that the quantity and 

reactivity of this hydrogen rapidly decreased with increased reaction temperat-

ure. 

The experiments and major results are summarised in the following table. 
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TABULAR RCISUNliOF EXPERIMENTS (for legend see page 34) 

Dcptl 
series 

No. of 
run 
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gms 
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T1  °C 

 _ 

T
2 
oC 4  H2 	/ 

0 

.- . 

Other 
addtns 

Res.Time 
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Comments and Results 

A Al 
A2 

ck/2.3 
ck/1.6 

various 
1000 

700 
various 

0.1,9.3 
2 

- 
CuCl 

-  

* 
i 

3 73.-  

hydrogen and carbon monoxide main products 
CuCl frees adsorbed gases, water redn. incomplet1  

steady state achieved but not thody equilibrium 
order of reactivity low gr,c1,ck,ch high 

B B1,2 
B3,4 

ok/2.3,gr/1.8
c1/2.4,ch/1.3 

1000 various 1 

C Cl ck/10.5 1000 various 1 - 17 higher reactivity at longer gas residence time 

D D1,2 
D3, 

ck/10.59ch/5.9 
gr/8.2 

1000 750 1 - various 
all reactivities increase not only with temp but 
with gas residence time, CO2  from coke exception 

E E1,2 ck/2.3,ck/10.5 1000 800 1 - 407 H2  and CO adsorbed during initial reaction of 114) 

F F1,2 ok/10.5 1000 800 ' 	1 0.10.0 Cu 17 copper powder little effect on initial reaction 

G G1,2 gr/8.2,ch/5.9 1000 800 1 - 22 H :CO adsorbed varies with carbon type 

H H1,2 ck/10.5 150 150 - 850 0,1 - 17 water vapour little effect on hydrogen produced 

I 11,2 ck/10.5 150 150 - 850 0,1 0.5% salt 17 salt has little effect on hydrogen produced 

J JI ch/5.9 150 150 - 850 0 - 22 charcoal produces more hydrogen than coke gm/gm 

K K123,4 ck/10.5 150 150 - 850 0 - 17 sources of nitrogen from coke are chemical 

L Li 5 cm of salt 0 750 0 1.1% H 	2______. 	 
chlorine 

- 

- 

salt + H2+ silica generates small HC1 

CuCl vessel designed,Cu + C12  incomplete M M1,2 copper 0 various 0 

N N1 ck/10.5 1000 750 1 various CuCl 17 gaseous H2  reduces CuCl, vp of CuCl measured 

0 01 
02 
03 
04 
05 
06 

ck/10.5 
ck/10.5 
ck/10.5 
ck/10.5 
ck/10.5 
ck/10.5 

700 
750 
800 
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1000 
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700-750-1000 
750-800-1000 
800-850-1000 
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750-1000 
800-1000 

0 
0 
0 
1 
1 
1 

- 
- 
- 
- 
- 
- 

17 
17 
17 
17 

 17 
17 

inherent H2 on coke cannot be replaced by reactn 
with water vapour at same templ hydrogen to carbon 
monoxide ratio from untreated coke high, ratio 
from degassed coke after reaction with water vap 
low,carbon monoxide sources on untreated coke 
much more stable than hydrogen sources wrt temp  

water vapour reacts with CuCl 
inherent H2 reduces Cuei on coke surface 

, 

P P1 
P2,3,4 

ok/10.5 
ck/10.5 

0 
0 

750 
750,800,850 

1 
0 

various CuCl 
fixed 	,CuCl 

17 
17 
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Legend of the tabular resume  

ok coke, el Es coal, gr graphite, oh charcoal 

Ti  is the temperature of any:pre-treatment, T2  is the temperature at which, 

or the temperature over which, gas analyses were performed. 

(b) The apparatus  

It was decided to contain the charge material in an externally heated reaction 

vessel, through which a purified helium carrier gas flowed. 

The .reaction tubes used were of three types :- Mk I, Mk II and ilk III (see 

figure 3). Mk I was replaced by the wider bore Mk II because it was realised 

that the cupious chloride ampule (see figure 3) would not fit inside a Mk I 

reaction tube. The Mk III was designed to prevent the back diffusion of 

hydrogen from the coke bed. 

The helium was purified by passing it through a furnace containing copper 

oxide at 600°C to convert hydrogen and carbon monoxide to water vapour and 

carbon dioxide. The gas was then passed through 'sofnolite' to remove carbon 

dioxide and then through silica gel and magnesium perchloride to remove water 

vapour. Oxygen was removed by passing the helium through a furnace containing 

copper wool at 600°C, finally the gas was passed through molecular sieves to 

remove any traces of hydrocarbons. The gas train so constructed, produced one 

flow of purified helium for flushing purposes and another purified helium flow 

which could be passed through a water vapour saturator or could have various 

gases mixed into it. (see figure 4). The water saturator consisted of two 

dreschel bottles held in a water bath which was controlled by a heater/stirrer 

unit. Water from a refrigeration bath held at approximately 4°C was pumped 

through a copper coil held in the water bath. The water bath was controlled 

to 7°C I.  0.01°C and it was verified that the helium became saturated with 

water vapour at this temperature. 

It was realised that if the product gases were slowly cooled, there could be 

a change in their equilibrium. It was decided to quench the gases as quickly 

as possible from the reaction temperature by extending the constant temperature 

on below the charge. The furnace was specially designed and built by the fur- 
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FIGURE 3, Reaction Tubes and the Copper Chloride Vessel  
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nace department of the 'Amalgams Co. Ltd.'to give a long constant tempera-

ture zone extending for as far as possible below the central constant tem-

perature zone.(see fig. 5). The furnace was controlled by a Eurotherm SCR 

temperature controller which kept the set temperature to well within - half a 

degree. The other furnaces were controlled by 'mini' Ethers which held the 

furnace temperature to a degree I.100* 

The exhaust gases from the reaction tube (see fig. 6) were passed through 

the sample injection valves of the chromatograph and were then either pa-

ssed through the titrimeter cell or to extraction via a manometer and a 

blow off.(see fig. 7). 

The automatic titrimeter consisted of a calomel and a glass electrode which 

measured the pH of the cell. A subsidiary unit operated the stirrer 

and the solenoid switches of the burette. The pH of the solution was preset 

by the main unit control and then when this value fell due to the dissolution 

of HCl,the burette would be allowed to run in NaOH solution to restore the 

set pH. A constant level device was built into the titrimeter cell in order 

to keep the volume of liquid constant. It was assumed that when either HC1 

or NaOH was added to the cell they were immediately dispersed by the stirrer 

and only constant pH liquid was lost to waste. 

The chromatograph was a Pye Unicam series 104 model 34 consisting of an 

isothermal oven containing a katharometer detector. The oven temperature 

was controlled to t 0.05°C by the hot air circulation system operated by 

column oven controller which was set to 100°C. The katharometer power su-

pply also amplified the output and this signal was fed to a Kent Chromalog 

III integrator and to the Smith's Servoscribe flat bed pen recorder. The 

katharometer filaments were operated at 300 mA and to detect any drift a 

larger scale ammeter was built into the Pye circuit. 

" A three foot molecular sieve column was used which resolved the following 

gases 	hydrogen after 28 seconds from injection, oxygen after 39 seconds, 

nitrogen after 55 seconds, methane after 70 and carbon monoxide after 120 

* 	seconds. A three foot poropak S column resolved the following gases 	an 

air peak after 18 seconds, carbon dioxide after 31 seconds and water vapour 

after 155 seconds. The column carrier gas was helium which was passed thr- 
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FIGURE 6. THE FURNACE AND THE INLET AND OUTLET GAS MANIFOLDS  
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ough molecular sieve 13X to remove moisture, carbon dioxide and hydrocarb- 

ons. The column carrier gas was controlled by special valves which maint-

ained a constant mass flowrate of 50 ml/min through each column (see fig.t1). 

The sample injection valves (see fig, a) were nominally 1 ml for the porpak 

column and 1  ml for the molecular sieve 5A column. The volume of gas inj-

ected was thus constant for each column and the chromatograph was calibr-

ated using these size sample loops. 

The flowmeters were all of the capillary type and were calibrated with 

oxygen at 25°C. The manometers were filled with di-butyl phthalate and the 

blow-offs contained sulphuric acid. 

The technical specifications of the equipment used appears in appendix A. 

(c) Accuracies. 

Using the above system for gas analysis when calibrated gave the following 

accuracies for gas concentration measurements :- 

ForCO,CO2  and H2O above 5,000 ppm error 1% mean 

	

1,000 - 5,000 ppm error 2% 
	

et 

	

250 - 1,000 ppm error 5% 	u 

below 250 ppm error 10% " 

For hydrogen 	above 5,000 ppm error 1% 
	

11 

	

2,500 - 5,000 ppm error 2% 
	

It 

	

500 - 2,500 ppm error 5% 
	

11 

below 500 ppm error 10% " 

Other accuracies for weighing and for HC1 measurement will be discussed in 

the text. 

(d) Materials used  

graphite Hopkins and Williams synthetic graphite powder 99% +100 mesh 

sugar charcoal ash about 0.1% -22 +160 mesh 

coke Ord. Johannesburg coke -100 +200 mesh 

coal Generator Nuss V +100 mesh 

cuprous chloride Analar more than 97% CuCl 

sodium chloride 	Analar more than 99.9% Nan powder 

copper electrolytically refined +200 mesh 

helium after urification all exce t nitro-en less than one -art in 107 
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(e) Reactions studied.  

A. Steam-coke reactions and the general effect of water vapour, temperature 

and cuprous chloride addition.. 

B. Steam-coke, coal, charcoal and graphite reactions and the effect of temp-

erature on the steady state. 

C. Steam-coke reactions and the effect of temperature at a longer gas resid-

ence time in the bed. 

D. Steam-coke, charcoal and graphite reactions and the effect of residence time 

in the bed on the steady state. 

E. Initial reaction of coke with water vapour at 800°C. 

F. Initial reaction of coke plus 0.1 and 1.0% by weight of copper powder at 

800°C with water vapour. 

G. Initial reaction of charcoal and graphite with water vapour at 800°C. 

H. Reaction of coke in a wet or dry helium gas flow when heated from 150-850°C. 1  

I. Reaction of coke with salt additions in a wet or dry helium gas flow when 

heated from 150-850°C. 

J. Reaction of charcoal when heated from 150-850°C in a dry helium gas flow. 

K. Effect of pre-treatments on nitrogen evolution from coke when heated from 

150-850°C, 

L. Reaction of hydrogen with salt. 

M. Methods of introducing known quantities of cuprous chloride vapour into 

a helium gas stream. 

N. Effect of various cuprous chloride vapour pressures on the steam-coke 

reactions at 750°C. 

0. Quantities of gases held on a coke surface in a dry helium gas flow and 

after reaction with water vapour. 

P. Reduction of cuprous chloride by hydrogen adsorbed on a coke surface. 

There now follows a detailed description of each experiment, including the 

reasons for the experiment, the experimental procedure followed and the 

results obtained; the experimental results are then discussed within their 

own context. This is repeated for each experiment, then, in chapter 4 , there 

is a general discussion of the results as a whole. 
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A. Steam-coke reactions and the general effect of temperature, initial water  

vapour concentration and of cuprous chloride addition.  

The primary object of the A series of experiments was to determine the 

approximate quantities of gases involved in the various reactions so that 

the apparatus could be accurately calibrated. Thus the results obtained are 

only qualitative and the deductions made from them are relative. It was 	
kk 

decided to heat the coke bed in steps to 1200°C in order to discover over 

what temperature range, the adsorbed gases on the coke surface, became unstable 

The effect of an addition of cuprous chloride vapour was qualitatively foll-

owed by lowering an ampule of cuprous chloride into the reaction tube while 

the steam-coke reactions were in progress. The ampule consisted on a long,thin 

crucible, filled with cuprous chloride, and suspended on a platinum wire. 

Eueriment Al A three centimetre bed of coke was held by a silica wool plug 

in the centre of a Mk I reaction tube and was heated in a flow of dry helium. 

The furnace temperature was set for short periods at 200,400,800,1000 and 

1100°C3it was then left overnight at 1100°C and subsequently raised to 1200°C 

for a brief period before being set at 700°C. Gas analyses were taken at 

each temperature. Water vapour at a concentration of 1260 ppm in helium was 

then passed through the bed at 700°Clthe effluent gases were analysed and 

the water vapour concentration was then raised to 3200 ppm. After a while 

the temperature was raised to 800°C and the reaction was then terminated, 

in each run the empty tube linear velocity of the helium was 80 cm/min which 

gave a gas residence time in the bed. of 0.75 seconds. 

Results.  At 200 and 400°C the concentrations of carbon dioxide and water 

vapour being initially evolved were large but decreased rapidly with time. 

At 400°C CH4 ,C2H6  and other hydrocarbons were evolved. Hydrogen and carbon 

monoxide were first noticed in large quantities at 800°C but, after fif-

teen hours at 1100°C only carbon monoxide was being evolved and again at 

1200°C only carbon monoxide was evolved. Then water vapour was first intr-

oduced at 700°C carbon monoxide and carbon dioxide were evolved in the 

ratio of approximately 2.7:1 (the equilibrium value ise1:1) and when the 

water vapour concentration was increased the CO/CO2  ratio began to decrease 
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and unreacted steam was detected for the first time. The unreacted steam 

concentration rose steadily with time to about wg of the incoming steam 

concentration. When the temperature was raised to 800°C the C0/002  ratio 

rose sharply and the unreacted steam concentration dropped rapidly and 

hydrogen in small quantities was detected for the first time some three 

hours after water vapour was first introduced into the system. The reaction 

vessel broke on removal from the furnace mainly because of serious devitr-

ification of the silica where the coke had been in contact with it. Deposits 

of tars and oils had taken place at the cooler end of the reaction tube 

and off-white and brown powders were also deposited there. 

Experiment A2 A two centimetre bed of coke was held in a Mk T reaction 

tubein a flow of dry helium at 1000°C until the exhaust gases only cont-

ained very small quantities of hydrogen and carbon monoxide (less than 

100 ppm). The bed temperature was then lowered to 800°C and water vapour 

at a concentration of 20,000 ppm was passed through the coke bed at a 

empty tube linear velocity of 80 cm/min giving a residence time in the bed 

of about half a second. The temperature was changed to 700°C then to 750, 

850 and then back to 800°C and the effluent gases were analysed for carbon 

monoxide,carbon dioxide and hydrogen. 

At the end of this series of experiments an ampule containing cuprous 

chloride was lowered into the reaction tube until its temperature was at 

750°C though the bed temperature was 800°C. (estimated CuCl temp°. from fig,5) 

Results. As the temperature of the bed was raised so the concentrations 

of the effluent gases increased. However it was noticed that at any one 

particular temperature the concentration of any particular species in the 

gaseous phase altered slowly with time. Thus the average gas concentration 

values of the first experiment at 800°C are different from the results ob-

tained 300 hours later at the same temperature. The carbon monoxide value's 

are similar however the concentrations of hydrogen and carbon dioxide have 

both slightly fallen. 

The most interesting results however, occurred when gaseous cuprous chloride 

was introduced into the system. Large increases in the concentrations of 

r 	 r 	• n 	r 
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ever this was only a transitory effect and the concentrations of hydrogen 

and carbon dioxide quickly fell to their previous values. Carbon monoxide 

concentration however,only fell to twice its previous value. The highest 

concentration values reached corresponded to 5 times the previous value 

for carbon monoxide and carbon dioxide, and 10 times the previous value 

for hydrogen. The most striking effect howeverloccurred in the methane 

content of the effluent gases. During the period upto the introduction of 

cuprous chloride, methane was present at an approximate concentration of 

100 ppm but immediately after the cuprous chloride addition this value 

increased by a factor of over 500 times but then it rapidly fell again to 

its previous value. 

After the experiment it was found that 0.1 gms of cuprous chloride had 

been evapourated from the crucible and copper was observed to be deposited 

on the uppermost surface of the coke bed. 

DISCUSSION 

Experiment Al The initial surges in the concentrations of water vapour 

and carbon dioxide when the bed was heated from 20°C to 200°C and again a:a 

from 200:C to 400oCI  suggest that these two gaseous species are not 

strongly,adsorbed by coke and are thus easily driven off on heating. When 

the bed was heated from 400°C to 800°C and from 800°C to 1000°C very little 

water vapour or carbon dioxide was evolved, therefore this suggests that 

when heating coke from room temperature to 1000°C most of the water vapour 

and carbon dioxide contained by the coke, will be desorbed - from"thesurfaoe 

when the temperature of the bed has reached 400°C. 

The hydrocarbons, which were first detected when the bed temperature was 

raised to 400°C but were principally evolved between 400°C and 800°C, 

consisted mainly of methane with some ethylenetethane and acetylene. These 

were recognised from their relative elution times on the 'poropak' column. 

When the bed was heated from 80000 to 1000°C, of these, only methane was 

detected and so when a coke bed is heated to 1000°C the hydrocarbon products 

are mainly evolved in the temperature range 4000C to 800°C, 
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Carbon monoxide and hydrogen were first noticed when the bed temperature 

approached 8000C and the.concentrations of each gas were high. Also as 

the bed temperature was raised from 8000C to 10000C more hydrogen and carbon 

dioxide were detected. 

Thus this suggests that hydrogen and oxygen, held as CO, are.more 

strongly adsorbed than are carbon dioxide and water vapour. 

The initial higher-than-equilibrium value of the CO/CO2  ratio at the lower 

water vapour pressure is thought to be due to the dominance of the primary 

reduction of water vapour by :- 

C 	H2O . CO 	H
2 

.. 	
 
(5) 

over the secondary reduction of :- 

CO H2O . CO
2 	

H
2 	(6) 

As the water vapour concentration rose so the competition for water vapour 

between CO and C lessened and the CO/C0
2 ratio decreased from its higher-

than-equilibrium value. Unreacted steam was now detected as a steady state 

was approached. Then, when the temperature rose in the system, this upset 

the balance of the primary and secondary reactions and the dominance of the 

primary was resumed and the CO
/
CO
2 ratio rose sharply as the unreacted 

water vapour concentration dropped. 

The delayed appearance of hydrogen in the gas stream, three hours after 

reaction initiation, suggests that it is strongly adsorbed by the coke 

and only when the coke surface has achieved a certain saturation with 

hydrogen, does it appear as a gaseous product. 

At 1100°Ca steady concentration of carbon monoxide was observed in the 

effluent gas stream. This is thought to be a product of the reduction of 

silica by the coke since there was evidence of attack on the silica where 

it had been in contact with the coke. 

' For the partial reduction to silicon monoxide 

C 	SiO2 	SiO(g) 	CO 	(16) 

From the JANAF(62) tables it can be calculated that at 1100oC at equilibrium 

P 	p CO ' SiO 
- 1.5 x 10-4  atmos. 
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For the full reduction to silicon :- 

2 C 	SiO2 	. Si + 2.00 	(17) 

The calculated value of PCO  at equilibrium is 2.88 x 10-4  atmos. •  

For silicon carbide formation :- 

3 C + SiO2 	SiC 	2.00 	(18) 

The equilibrium value of 	was calculated as 3.74 x 10 3 atmos. 

Thus any of the above reactions could be responsible for the production 

of carbon monoxide. However the presence of off-white to brown deposits 

above the tars, that is,at a higher temperature are thought to be the 

condensation products of silicon monoxide. Thus reaction (16) is thought 

to be the main producer of carbon monoxide at 1100°C. 

Experiment A2 As would be expected , increasing the reaction temperature 

had the general effect of increasing the rate of the primary reduction of 

water vapour to give hydrogen and carbon monoxide. Since there was an excess 

of water vapour the rate of the secondary reduction was also increased, 

giving rise. to an increase in the concentration of carbon dioxide in the 

effluent gas stream. However with increasing time thelsteady state' values 

of the product gases decreased slightly. This could be due to either the 

reaction of water vapour having the effect of 'healing' or 'sealing' the 

sites at which water vapour reacts, or to the fact that as water vapour 

reacts, the bed is gasified by the reaction and so the mass of coke decreases 

with time. Since the mass decreases the residence time of the water vapour 

in the bed also decreases and so the steady state generated at any one 

temperature may be a function of residence time 

The transient surge in the gas concentrations when cuprous chloride vapour 

was introduced into the system indicates that the initial deposition of 

copper on a coke surface by reduction of the chloride by' hydrogen, has the 

effect of suddenly liberating some of the adsorbed gases. The continuous 

reduction of the chloride vapour has the effect of increasing the rate 

of the primary reduction of water vapour. Hence there is an increase in the 

concentration of carbon monoxide however any.increase in the hydrogen cone- 
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entration is not noticed since this extra hydrogen is consumed in the cuprous 

chloride reduction to form hydrogen chloride. Since it was observed that 

the copper deposited mainly on.itseifsthen it can be assumed that when it 

does sosthis has the effect of increasing the water vapour reduction to 

such an extent that the extra hydrogen produced is equivalent to the 

rate of arrival of cuprous chloride. Thus the hydrogen concentration in the 

effluent gas stream remains unaltered at the pre-cuprous chloride level. 

The momentary large production of methane is thought to be due to the 

depositing copper displacing methane from the coke surface by weakening 

the surrounding C-C bonds. It is well known that a transition metal is 

capable of catalysing methane production from carbon and hydrogen. This 

method together with the gaseous reaction of carbon monoxide or dioxide 

with hydrogen, to give methane and water vapour over a nickel or cobalt 

catalyst at 400°C are 	standard methods(161) for the preparation of 

methane. The gaseous reactions however, are temperature limiting since at 

1200°C , methane in contact with carbon dioxide and water vapour produces 

hydrogen and carbon monoxide in the presence of a nickel catalyst. This is, 

a standard method for the industrial preparation of 'endothermic gas' (162) 

Thus a transition metal, by virtue of its unfilled.' d' sub-shell has 

some electronic effect on the bonding in a carbon matrix. Depositing copper 

could disrupt the surface bonding to produce methane by weakening the C-C 

bonds rather than the C-H bonds. The methane produced has to pass through 

the rest of the coke bed and so will decompose to hydrogen and carbon to 

a certain extent. Since the C-C bonds were weakened. by the coppercarbon 

monoxide and possibly dioxide would be expected to be liberated and this 

was found to be so. However as copper was seen to deposit mainly on copper 

these gas liberation effects will only continue as long as the copper is 

depositing on coke, that is during the first few minutes of the reaction, 

It was seen from the A series of experiments that coke must be degassed at 

1000°C in order to achieve a steady system , with no gas evolution from the 

coke which would interfere with other effects that were under study. 

* * * * * * * * * 
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B. Steam-coke, coal, charcoal and graphite reactions and the effect of tem- 

perature on the steady state gas concentration values. 

The aim of the B series of experiments was to obtain a quantitative and 

qualitative insight into the range of reactivity of four types of carbon 

and to study the effect of temperature on this reactivity. Also.it was hoped 

to acquire knowledge of the secondary reduction of water vapour by carbon 

monoxide. 

The A series of experiments had shown that degassing of coke at 1000°C was 

a neccessary prerequisite for there to be a minimal evolution of gaseous 

matter from the coke. Therefore this pre-treatment was a standard procedure 

for all the carbon types studied in this series of experiments. Ideally the 

carbon matter should be degassed at a much higher temperature, however the 

limitation of 1000°C was observed since,above this temperature, devitrificatian t  

of the silica reaction vessel became a major problem. 

It was decided thattfor these experiments,a bed of constant volume should be 

employed and so all the reaction tubes were filled with carbon material to 

a depth of three centimetres. It was found that this volume of coke weighed 

2.33 gms. To avoid errors due to packing, the bulk density of each material 

was measured by weighing a constant volume, and then, knowing that a three 

centimetre bed contains 2.85 cc of material, the weights required of each 

carbon type were calculated. The packing method then consisted of pouring the 

set weight of material into the reaction vessel and tapping the tube until 

the bed depth was three centimetres. The gas residence time was calculated for 

each bed; in each case it was approximately three-quarters of a second at 800°C. 

Experiment BI  The bulk density of the coke was measured then a three cent-

imetre deep bed of coke was preheated at 1000°C for 72 hours to rid the 

coke of the volatile content such as hydrocarbons,moisture and adsorbed 
3 

gases. The temperature of the bed was then lowered to the initial starting 

temperature of 700°C and water vapour was then. introduced into the gas 

stream to give a concentration of 9600 ppm i.e. approximately 1%. Readings 
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were taken until the values obtained for each gas concentration were con-

stant over a 10 hour period ,the reaction was then assumed to have reached 

its steady state. The procedure was repeated for bed temperatures of 750, 

800,850 and 900°C. The empty tube linear velocity in all these runs was 

approximately 80 cm/min giving a residence time in the bed of 0.75 seconds. 

Since these runs lasted over a period of several daysond coke was being 

constantly oxidised,it was to be expected that the bed depth decreased with 

time and indeed when the reaction tube Mk I was removed from the furnace it 

was noticed that the bed depth had decreased from three to two ems. 

Experiment B2 The method employed in this experiment was exactly the same 

as used in experiment BI but the charge material for the reaction tube Mk I 

was graphite and the temperatures at which the steady state was studied 

were 700,800,850,900,950 and 1000°C. 

Experiment B3 The same method was employed in this experiment as in BI 

but sugar charcoal was used as the bed material and the steady state was 

studied at 600,650,700,750,800 and 850°C. 

Experiment B4  The method employed was the same as in experiment B1 but 

with a bed of coal and the temperatures at which the steady state was stu-

died were 750,800,900,1000 and 1100°C 

Results As.well as the concentrations of the exhaust gases, the mass bal-

ances at each temperature are given in tables 3 and 4 and were calculated 

as follows :- 

ppm CO 	2xppm CO 	ppm H& 
x 100% Oxygen balance . 	 

ppm H2O.  In 

Hydrogen balance =  plm H2 	ppm H,09  
e  ut  x 100% 

ppm H2O. 

Also the apparent activity of the carbon 8,0  was-calculated. as-follows 

for 
	

H2O 	C 	> CO 	H2 	 (5) 

the equilibrium constant K
5 
 can be written :- 
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EXHAUST GAS ANALYSES FOR EXPERIMENTS B3 AND B4 

BED TEMPERATURE 

CHARCOAL 	bed residence time 0.75 seconds, 	water vapour concentration 1% 

650°C 	700°C o 	 750oc 	800°C o 	 850°C ' 600°C 
HYDROGEN 
WATER VAPOUR 
CARBON MONOXIDE 
CARBON DIOXIDE 

OXYGMT BALANCE 
HYDROGEN BALANCE 
ac 

K6 obs / K6 talc 
K6 obs 

0 ppm 

	

9600 	" 

	

44 	" 
0 " 

	

100 	. 
100 

183 PPm 

	

9487 	" 

	

147 	" 

	

3 	" 
100 
101 

4.3 x 106 

2.0 x 10-4  

4.0 x 10-4  

	

505 	PPm 	• 
• 8919 	" 

	

445 	" 

	

8 	" 

	

98 	. 
98 

1.6 x 1075  

6.1 x 10-4  
1.0 x 10-3  

1014 ppm 
8790 " 

	

897 	" 

	

16 	" 
101 

. 102 
2.8 x 10- 5  

1.5 x 10-3 

2.0 x 10-  3 

` 	1765 PPm 
7680 " 
1737 	" 

37 	" 
99 
98 

5.2 x 10-5 

4.58 x 10 33  

5.0x 10 

2228 ppm 

	

7296 	" 

	

2183 	" 

	

82 	" 
100 
99 

4 
1.2 

xx 7-5  
-2 
) 

0-  1.1 x 1 2  

BED TEMPERATURE 

COAL 	bed residence time 0.75 seconds 	water vapour concentration 1% 
800°C 	 900°C 	 1000°C 	 1100°C 750°C 

HYDROGEN 
WATER VAPOUR 
CARBON MONOXIDE 
CARBON DIOXIDE 

OXYGEN BALANCE 
HYDROGEN BALANCE 

ao • 
K6 obs / K6 calc - 

100 ppm 

	

9500 	" 

	

40 	" 
- 	17 	it 

99 
100 

10 x 108 

- 3.0 x 10 4  

480 ppm 
9000 " 
350 " 

81 	" 

99 
99 

2.5 x 10-6 

1.1 x 10-2 

, 3150 ppm 
6500 " 
2390 " 

375 " 
, 	100 

100 
4.2 x 10 :2  5 

9.6 x 10 

4100 ppm 	' 

5500  " 
3800 " 
200 " 

101 
100 

304x 	0-5 6.4 x 110-2 

4700 ppm 
4500 11 
5140 " 

10 " 
100 
96 

3 7 x 10
--35 

 
3.7 	

10 

(3? 
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& B4. 

A COAL 

40 GRAPHITE 

II COKE 

CHARCOAL 

graphite 

coal 

charco 

A COAL 

o GRAPHITE 

El COKE 

0 'CHARCOAL 

phite K6 . obs  
K6 mac, 

1°g10 

-4 

-5 

-6 

- 1 

-3 

-2 

• 



(54) 

PCO x P
H2 	exp( 
	 (12) 

as x PH20 

P x P CO 	H2' 	  ac = 	 (13) 
K5 x PH 0 2 

by substitutingAG°  values from the JANAF(62)  tables into (12) and then by 

substituting theyalue of K
5 
so obtained as well as the observed concentration 

values into (13), the apparent activity of the carbon 0.0  can be calculated. 

From the water gas shift reaction I- 

H
2
0 + 	CO CO

2 	
+ H

2 "" 	  (6)) 

P 	x P 
K6 observed 	. CO2 	H2 	  (14) 

P 	x P 
CO 	H2O 

f  _Ale K6 calculated w  
\ 

 exP‘ 	BT 	 (15) 

by substituting the observed concentration values into (14) a value for 

can be obtained, also from the JANAF(6?)  table values ofaefor the K6 obs. 

reaction, from equation (15) a value :of K6 calco  can be obtained. By divid-

ing these two values to obtain K6 obs/K6 talc this gives an idea of the 

approach to equilibrium of the observed reactions by the closeness of this 

new function to unity. These values together with those of ac  are given in 

tables 3 and 4 for coall graphitelcharcoal and coke. They are also plotted 

in bog form against the bed temperature in figure 9 . 

It can be seen from figure 9 that in general act  increases in value with 

increasing bed temperature and that overall at 800°C say, charcoal is more 

reactive than coke7which in turn is more reactive than coal.which then is 

more reactive than graphite. However in terms of the water gas reaction in 

the coal and coke experimentslequilibrium was more closely approached than 

for either graphite or charcoal;and apart from coal at high temperatures, 

the approach -to equilibrium is greater the higher the bed temperature. 

The surprising result of these experiments is the very low values of ac. 

• 
04. 
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DISCUSSION  

The B series of experiments was an attempt to measure the effect of temper-

ature on carbon reactivity towards water vapour. 

From the mass balances in tables 3 and 4 it can be seen that the results 

are consistent with stoichiometric reduction of water vapour. The 

apparent inconsistency in the results is that the generally rising values 

of the apparent activity of carbon appear to level off and in some cases 

decrease at the higher temperatures. This is contrary to the expected 

increase in reactivity with increasing temperature. The only valid explanation 

for this discrepancy is that since in any one experiment, the mass of the 

bed is steadily decreasing with increasing time. Therefore, as the experiments 

were performed in order of rising temperature, the mass of the carbon bed 

was a minimum at the highest temperature. Thus it appears that carbon 

gasification at low residence times is a strong function of residence time. 

Also the approach to equilibrium in the secondary reduction of water vapour 

may be similarly affected so that the value of these experiments is 

limited. 

The reactivity of the•carbon type increases from graphite, through coal 

and coke to charcoal for the primary reduction of water vapour. This 

reactivity increases as a function of increasing temperature. The secondary 

reduction of water vapour however does not show the same sequence of 

reactivity and the behaviour of coke and coal more closely approaches 

equilibrium at any one temperature than does the behaviour of graphite 

or charcoal. This could be explained by the presence and possible catalytic 

nature of ash constituents in the coke and coal. 

It would be expected that , if the secondary reduction were purely a vapour 

phase reaction , then all four plots would be similar. Since they are not 

it is suggested that this reaction takes place on and is affected by the 

carbon surface. This reaction is also a function of temperature and the 

approach to equilibrium appears to increase with increasing temperature. 

However, coal at higher temperatures shows a marked departure away 
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from equilibrium. This could be a significant temperature function or a 

possible result of the decreasing residence time at higher temperatures. 

It is noted from these experiments that the apparent activity of carbon ac, 

is very low in the systems considered 10-4 to 107 , and it appears to be 

a strong function of gas residence time in the bed when the gas residence 

time is of the order of one second. 

Thus from these experiments, it was found that• the steady state achieved in 

the system was far removed from true thermodynamic equilibrium; the thermo- 

dynamic equilibrium value of ac  should be unity. 

Since the gas residence time appeared to have a considerable influence on the 

value of a
c 

it was decided that an experiment should be carried out at a much 

larger value of gas residence time. To increase the value of gas residence time, 

either the bed depth could be lengthened or the gas flow rate could be 

lowered. It was decided that to achieve a significant increase in the gas 

residence time, both methods should be used. Since this work is based on 

coke as the main carbon material, it was the charge material in the next 

experiment. 

* 	* * * * * * * * 
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C. Steam-coke reactions and the effect of temperature at a longer gas resid-
ence time in the bed.  

Experiment C1 was performed at a substantially increased gas residence times  

this was achieved by increasing the bed depth from three to thirteen centi-

metres and by reducing the gas flowrate. It was hoped to discover the 

effect of increasing the residence time/from less than a second to 

seventeen seconds
/ on the coke reactivity and on the approach to equilibrium 

of the secondary reaction. 

Experiment C1 A deeper bed of 132 centimetres of coke was heated at 1000°C 

in dry helium for about 50 hours in a Mk I reaction tube. The temperature 

was then lowered to 700°C and water vapour was introduced into the system 

at a concentration of 9600 ppm. Steady state concentration values of the 

effluent gases were obtained at temperatures of 700,750,800,850 and 90000. 

The gas residence time in the bed was calculated to be 17 seconds at 800°C. 
• 

This increases becauseof the temperature increase)to 18.7 at 900°C and falls 

to 15.5 at 700°C. 

Results The concentration values are given in table 5 together with the 

oxygen and hydrogen balances as well as the values of a
c 
 and K6  obs/K6 cal°. 

The latter two values are plotted in log10  form in figure 11)together with 

the results of experiment B1 against bed temperature. 

It can be seen from figure 10 that at a longer gas reidence time in the bed 

the values of a
c 
are higher at each temperaturelbut that the difference in 

these values decreases with increasing temperature. The behaviour of the 

plot for the longer gas residence time however is totally K
6 obs/K6 talc 

opposite to that of the low gas residence time plot. The approach to equili-

brium in experiment C1 is initially high and then decreases at an increasing 

rate with increasing temperature. In experiment B1 at the lower residence 

time the approach to the water gas equilibrium is initially low but increases 

at a decreasing rate with increasing temperature. 



TABLE 5  EXHAUST GAS ANALYSES FOR BCPER1MENT C1 

BED TEMPERATURE 

COKE 	bed residence time 17 seconds at 80000 Water vapour concentration t% 

750°C 	800°C 	850
o
C 	900°C 700°C 

0 

HYDROGEN 700 ppm 1945 ppm 3422 ppm 4300 ppm 475o ppm 

WATER VAPOUR 9000 	" 7600 	" 6300 	" 4900 	" 3800 	" 

CARBON MONOXIDE 350 	" 733 	" 2180 	" 4520 	" 5712 	" 

CARBON DIOXIDE 150 	" 560 	" 510 	" 125 	" 10 	" 

OXYGEN BALANCE 100 	• 98  99 101 99 

HYDROGEN BALANCE 100 99 101 96 90 

a
c 

10 x 10
8 

5 x 105 1.6 x 164  2.6 x 10-4  2.9 x 10-4 

K6 obWK6 cab  1.67 x 101  1.46 x 10-1 1.18 x 10-1 2.6 x 10
-2 

2.8 x 10-3 

TABLE 6 EXHAUST GAS ANALYSES FOR EXPERIMENT D 

3AS RESIDENCE TIME 

COKE bed temperature 75000 	water vapour concentration 1% 

 17 secs 	34 sees 	68 secs 	137 secs 	274 secs 0.75 secs 

HYDROGEN 425 ppm 1945 ppm 2388 ppm 2700 ppm 2907 ppm 3100 ppm 

WATER VAPOUR 9080 	" 7700 	" 7200 	"  6800 	"  6500 	" 6400 	" 

CARBON MONOXIDE 217 	" 733 	" 1036 	"  1496 	" 2233 	.” 2810 	" 

CARBON DIOXIDE 101 	" 560 	" 656 	" 654 	" 	' 500 	11 167 	" 

OXYGEN BALANCE 99 100 100 100 101 99 

HYDROGEN BALANCE 99 99 99 99 98 98 

a
c 

2,8 x 10
-6 

5.0 x 105 1.0 x 104 	_ 1.6 x 104 2.8 x 10-4  3.7 x 10-4 

K6 0bA/K6 talc 1.67 x 10-2  1.47 x 10-1  1.6 x 10-1  1.3 x 10-1  7.7 x lc
1-2 

2.6 x 10
-2 

• 
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FIGURE 1 I) PLOT OF  a AND K6 bs/K6 calc VERSUS BED TEMPERATURE 
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DISCUSSION  

The comparison of this experiment's results with those of the previous 

experiment (B1), show that both the apparent activity of carbon and the 

approach to equilibrium of the secondary reaction are strong functions, not 

only of temperature, but also of gas residence time in the bed. 

From table five it will be seen tnat tne mass balances are again consistent 

with ttoichiometria reduction of water vapour; however at the higher 

temperatures of 850°C and 900°C the hydrogen balance3are low. This is 

thought to be due to methane production,since it is not included in the 

hydrogen mass balances. Thus it appears that at a longer gas residence time 

at higher temperatures, thateither hydrogen is reacting with the coke or 

that methane is a product of a steam-coke reaction. 

From figure lt)it can be seen that at a longer gas residence time, the 

apparent activity of carbon is at least a factor of 10 higher than at the 

lower gas residence time. The value of ac  increases with temperature but 

at a decreasing rate, therefore when water vapour remains longer in contact 

with a coke bed, its reduction is more complete. 

The approach to equilibrium of the secondary reaction at a longer gas 

residence time is much closer at lower temperatures than it is at higher ones* 

Thus at a longer gas residence time in the coke bed the production of 

carbon dioxide decreases whereas at the lower gas residence time it 

increasesywith temperature. 

It was now decided, that since gas residence time was a major parameter of 

the steam-carbon system, that all the carbon types under study should be 

reacted with water vapour at various gas residence times, but at one specific 

temperature. 

* * * * * * * * 
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D. Steam.coke,charcoal and graphite reactions and the effect of gas residence  
time on carbon reactivity  

This series of experiments were performed at one specific temperature ,750°C, 

but the gas residence time in the bed was varied by changing the helium flow-

rate. It was hoped to confirm the previous series' deduction ,that at low 

gas residence times, the reactivity of carbon is a sensitive function of gas 

residence time. 

Experiment D1  10.5 gms of coke were packed into a Mk I reaction tube to give 

a bed depth of 13.5 cms. The bed was held at 1000°C in a stream of dry helium 

for about 50 hours. The temperature was then lowered to 750°C and water vapour 

was introduced into the helium gas stream to give a concentration of 1%. 

Readings were taken of the effluent gas until a steady state was achieved;then 

the helium flow rate was lowered to give an increased gas residence time. 

Again readings were taken until a steady state was reached. This procedure 

was repeated for several. values of gas residence time from 4  of a second to 

274 seconds. 

Experiment D2  5.9 gms of charcoal were packed into a Mk I reaction tube and 

then was treated in a similar manner to that of Dl. The range of gas resid-

ence studied in this case was from 0.8 seconds to 352 seconds. 

Experiment D3 8.2 gms of graphite were packed into a Mk I reaction tube and, 

as in D1 and D2 , this gave a bed depth of 13.5 cms. The method employed was 

exactly the same as in Dl. 

Results Table 6 (p.58) contains the gas analyses from the coke experiment,D1. 

Table 7 contains the gas analyses for the charcoal and graphite experiments, 

D2 and D3. The oxygen and hydrogen mass balances, together with the values 

of ac 
and K6 ob8/K6 cal ' are also given in these tables. The steady state 

gas concentration valuestat each value of gas residence time,are plotted in 

figure""he luesof.  
ad  and K6 6bsAc6 calc are plotted against 

gas residence time in figure 12. 

It can be seen from figure 11 that, with increasing gas residence time in 

the bed, all gas concentrations in the effluent gas stream, except the carbon 
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GRAPHITE 	bed temperature 750°C 	water vapour concentration 	1% 

22 secs 	44 secs 	88 secs 	176 secs 	352 secs GAS RESIDENCE.TIME 	0.8 secs 
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FIGURE 11 GAS CONCENTRATION VERSUS RESIDENCE TIME EXPERIMENTS D1ID2 & D3  
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dioxide values for coke, increase. It will be noticed also that the methane 

concentration, while being minimal in most experiments, begins to make a 

significant appearance at longer gas residence times in the charcoal exper-

iment.Mbile differing in absolute value, the plots of hydrogen concentration, 

for coke and charcoal, appear similar in shape, as do the carbon monoxide 

concentration plots for the same materials. 

From figure 12, it will be noticed that the above effects are emphasized in 

the similarity of the ac  plots, for coke and charcoal. Another similarity in 

shape is noticed for the K6  ratio plots of graphite and charcoal. The coke 

plot, however, shows the effect of the decreasing values of carbon dioxide 

concentration with an increase in residence time, and so the K6  ratio plot 

decreases with increasing residence time. The ac  plot for graphite shows the 

greater effect that gas residence has on the apparent activity of carbon, while 

the same plots for charcoal and coke, after an initial steep increase in 

value, show little variance with residence time . Similarly the K6  ratio plots 

for graphite and charcoal, after an initial steep rise, remain virtually 

constant with increasing gas residence time in the bed. However the coke 

plot, after an initial rise to a maximum, decreases almost linearly with an 

increase in gas residence time. 

DISCUSSION.  

From the mass balances in tables 6(r58) and 7 (p.62), it is apparent that 

• 

each result is consistent with the stoichiometric reduction of water vapour, 

however for charcoal, at high gas residence times, one of the reduction 

products was methane which does not appear in the mass balance equation, and 

so these balances are low at high gas residence times. 

From figure 12, it is seen that the behaviour of the K6  ratio plots,of 

graphite and charcoallare virtually identical except that the values of 

for graphite in log10  form, are consistently 0.5 above those K
6obs/K6calc  

for charcoal. Also , after the 100 second gas residence time, the two plots 

remain constant with increasing gas residence time. The constant value for 

graphite is 10-1  and for charcoal, it is 10r16. 
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The:ac  plot for charcoal is consistently log10  0.25 higher than that of 

coke and both plots seem to be exponentially approaching limits of 10_3 
 for 

charcoal and 
103.25 

for coke. The graphite plot of a
c while differing in 

shape, also appears to be approaching an exponential limit of 103.5 

Thus from these experiments, as would be expected, as the residence time was 

increased to almost static conditions, so the values of 110  and the K6  ratios. 

also subtended towards definite limits. The only exception to this general-

isation, is the K6  ratio plot for coke which, with inoreasing gas residence 

time, decreased at a steady rate. 

The difference in reactivity between coke,charcoal and graphite is thought 

to be due to the nature of the carbon surface. A detailed analysis of the 

steam-carbon reaction and the kinetics of that reaction,is made later in this 
I 

work (see p. 172) and it is shown that the surface oxide 
t 
 Co, is more stable 

on a carbon surface than is adsorbed carbon monoxide,(C0).Also, during the 
1 

reaction with water vapour, both Co and hydrogen are adsorbed on the carbon 

surface, however it is extremely unlikely that water vapour exists,as such, 

on a carbon surface at the reaction temperatures of 700-850°C. It is also shown 

that the reaction mechanism is as follows :- 

H2  + Cf  _____•.(H20) 	 (19) 

(H20) 	Co + H2 	  (20)  

Co -.(CO) (21)  

(C0) ..=---___L- CO + n Cf 	  (23)  

H2  + Cf  7,,,,====!..(H2) 	 (24)  

CO + Co ------■(CO2) 	 (25)  

H2O + Co + H
2 	 
	(26) 

(CO + n Cf 	 
(27) 

2 `w----- 	2 

Where () indicates an adsorbed species, Co is the surface oxide, Cf is a 

free active site on the carbon surface, the value of n can be taken as unity. 

Also when the apparent activity of carbon is referred to, this should be 

more correctly named, the apparent activity of the free surface sites. Thus 

if the activity coefficient is assumed to be unity, then this is equal to 

• 
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the number of active sites taking part in the water vapour reduction. So 

a
c 	can be read as ac  pt 

If carbon dioxide production was controlled by gaseous phase reactions then 

for the same degree of water vapour reduction for each carbon type, similar 

quantities of the product gases would be expected. From table 7 (p.62) , for 

charcoal, when the water vapour concentration has fallen to 8700 ppm, the 

concentrations of carbon monoxide and dioxide are 897 ppm and 16 ppm respe-

ctively;however for graphite at the same degree of water vapour reduction, 

the concentrations of carbon monoxide and dioxide are 264 ppm and 287 ppm. 

Similarly in the coke and charcoal experiments, when the water vapour conc-

entration has fallen to 6800 ppm the concentrations of carbon monoxide and 

dioxide were 1496 ppm and 654 ppm for coke,and 2446 ppm and 193 ppm for 

charcoal. Therefore carbon dioxide production is a surface reaction and 

it is thought that its production is dependant on the concentration of Co 

on the surface as well as the concentrations of carbon monoxide and water 

vapour in the gas stream. 

Catalysis of these reactions is a further consideration =dyes coke contains 

ash constituentslit is expected that its reactions are more likely to be 

affected. One obvious effectyis the decline in the production of carbon 

dioxide at high residence times. It is thought that this is due to the 

positive catalysis of the reaction of carbon dioxide with carbon ory convers-

ely, inhibitive catalysis of the reaction of carbon monoxide or water vapour 

with Co. Charcoal and graphite being virtually ash-free do not show the 

same effect. 
f 1 

Thus from this series of experiments it was found that Co and hydrogen 

can exist on carbon surfaces at reaction temperatures and it is proposed 

that,it is the quantity of these surface complexes together with the 

activity of the free surface sitestwhich decides the degree of reduction 

of water vapour. Also , in terms of activity of the free active sites, 

charcoal is more reactive than coke, which in turn is more reactive then 

graphite. 
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E. Initial reactions of coke at 800°C with water vapour at values of gas  

residence time in the bed of a  and 17 seconds.  

In the previous experimental series, it was found that Co and hydrogen exist 

on a carbon surface during its reaction with water vapour. It was now hoped 

to perform two experiments,with coke as a charge material, at two different 

gas residence times, in order to ascertain the actual quantity of these two 

species on the carbon surface. The coke beds were degassed at 1000°C to 

reduce the evolution of inherently contained gaseous species to a minimum, 

during the experiment. 

The concentration of water vapour could not be included in the plots of the 

transient gas analyses, since it was discovered that water vapour adsorbs on 

the glass walls of the pipework leading from the furnace to the chromatograph 

injection valves. Heating tape was lagged around this piping but it failed 

to rectify the problem. Thus the concentration values obtained for water 

vapour are meaningless in all kinetic experiments and so , are only quoted 

in the steady state experiments' results. 

In these experiments, the time taken for gas to pass from the gas inlet 

manifold to the injection valveslwas measured by switching hydrogen into 

the gas stream at the manifold,and timing its appearance at the injection 

valves. Thuslit is assumed that when the flushing stream of helium is 

switched awayd.r and the helium containing water vapour is switched into the 

system , the time taken for that water vapour or its reaction products to 

reach the injection valves is the same as the time measured for hydrogen 

in an empty reaction tube but at the same temperature.. Thus in experiment E2 

when the helium flowrate at NTP was 8 ml/min and the bed depth was 133-  ems, 

the stop watch timing the experimentlwas started 8 minutes after the water 

vapour was switched into the system at the manifold. 

Ekperiment El 2.33 gms of coke were held in a 11k I reaction tube at a temp.. 

erature of 1000°C for about 50 hours in order to remove the volatile tars 

and other hydrocarbons. When only minute quantities of carbon monoxide (<10 ppm 

and hydrogen were being evolved from the bed, the temperature of the bed was 

lowered to 800°C and water vapour was introduced into the helium gas stream 
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to give a concentration value of 10. The concentration changes of the 

effluent gas stream were closely followed by sampling the exhaust gases every 

three minutes. The gas residence time in the bed was calculated to be secs. 

Experiment E2  10.5 gms of coke were treated in a similar manner as in exper-

iment El, but the residence time was calculated to be 17 seconds. 

Results In figure 13, the gas concentration values measured are plotted 

against time after the introduction of water vapour. For clarity the readings 

are plotted every fifteen minutes , whereas in fact, they were taken every 

three minutes. It can be seen that , at the lower gas residence time, the 

plots of carbon monoxide and hydrogen concentrations exhibit definite 

maxima in their shapes, then1 having fallen away in value from their maxima, 

they still do not reach a steady state value, even five hours after the 

introduction of water vapour. In this same five hour period, the concentration 

of carbon dioxide in the gas stream slowly rose to almost 500 ppm, then 

slowly decreased in value. Thus in the period between two and five hours 

after the reaction initiation,the hydrogen plot rises and falls slighly°, 

the carbon monoxide plot falls and rises slighly and the carbon dioxide 

plot increases in value slighly and then falls slowly with increasing 

time. From the concentration values at the five hour time point, hydrogen 

concentration fell 200ppm to its steady state value, carbon monoxide conc-

entration rose 370 ppm to its steady state value and carbon dioxide concen-

tration fell 175 ppm to its steady state value. 

In complete contrast,no maxima were noticed in the results at the higher 

residence time also the hydrogen concentration value reached its steady 

state value two hours after water vapour introduction. Also no carbon 

dioxide was detected in the first three hours of reaction..At the higher 

residence time the initial gas evolution was by no means as large as in 

the lower residence time experiment. After fifteen minutes of reaction 

hydrogen had only just appeared in the exhaust gases whereas in the lower 

residence time experiment the hydrogen concentration had reached its 

maximum and was falling. Similarly the carbon monoxide concentration in 

f 1' 
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the exhaust gases was at 400 ppm in the higher residence time experiment 

whereas in El, after fifteen minutes of reaction, the carbon monoxide conc-

entration was 850 ppm. 

DISCUSSION  

From figure 13 it can be seen in both instancesIthat there are subreactions 

involved because the instantaneous mass balanceslfor hydrogen and oxygen, 

do not suggest the same degree of water vapour reduction. 

The differences in the concentration versus time plots for carbon monoxide 

and hydrogen at the two residence times are striking. In experiment F1, 

reactions 19 and 20 proceed rapidly giving rise to a large increase in 

the concentration of hydrogen in the gas stream. Reactions 21 and 23 also 

proceed but not as rapidly so that the rate of appearance of carbon monoxide 

in the gas stream is a less steep function of time than is hydrogen. Thus 

as equal ambunts of hydrogen and carbon monoxide are generated, there must 

be an accumulation of Co on the coke surface. Reaction 24 is now activated 

and hydrogen begins to adsorb onto the coke surface from the gaseous phase. 
, 	1 

The build up of Co and (H2) on the coke surface reduces the number of 

active sites at which water vapour can react so that the degree of reduction 

of water vapour decreases. The concentration of hydrogen in the gas stream 

is reduced by adsorption and by less being produced and so it falls to 

a reasonably steady value. The fall in concentration of carbon monoxide 

is due to the decrease in the degree of reduction of water vapour end so 

its rate of decrease is less steep than that of hydrogen. Carbon dioxide 

production is dependant on the concentration of Co on the surface and as 

this steadily rises with time so the concentration of carbon dioxide in 

the gas stream also steadily rises. If carbon dioxide were a function 

of the gaseous concentration of carbon monoxide then it would be expected 

that their concentration plots would be similar in shape, but this is not so. 

Thus after one hour of reaction the three concentration plots reach 

a reasonably steady state, however their values are still not those of the • 
final 	steady state. There are slight but definite fluctuations in each 
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concentration plot and it is thought that this is due to the long delay 

in the setting up of steady state between the adsorbed and gaseous phases. 

Thus although hydrogen may have set up a steady state between itself, water 

vapour and carbon monoxide, carbon dioxide production from water vapour 
• 

and Co is still on the increase and is producing hydrogen as a reaction 

product. This upsets the previous hydrogen steady state and so it has to 
f 	I 

readjust. This in turn upsets the steady state between Co and carbon monoxide 

and so it continues, all gas concentrations oscillating until the final 

steady state has been achieved. The surprising fact is that this process 

takes so long to achieve its steady state, this must be a function of the 

residence time since in experiment E2 the steady state has been achieved 

inside seven hours whereas in El this process takes at least twenty hours 

to come to the steady state. 

In experiment E21the time spent by the product and reactant gases in the 

bed has increased by a factor of twenty-three. This has a significant effect 

on the sub-reactions involved. It is assumed that reactions 19 and 20 

proceed rapidly however reaction 24 is dominant and the rate of appearance 

of hydrogen in the gas stream is a strict function of the amount of adsorbed 

hydrogen on the coke surface. Therefore as the build up of (H2) proceeds 

so the concentration of hydrogen in the gas stream steadily increases and 

after two hours the hydrogen systems have reached their steady state, 

The carbon monoxide behaviour reflects the ability of coke to adsorb more 

carbon monoxide as Co than it does hydrogen. Hydrogen and Co are being 
• 

produced at the same rate but Co and adsorbed carbon monoxide are held on 

the surface. The rate of desorption of carbon monoxide is therefore smaller 

than that of hydrogen so its rate of appearance in the gas stream is a 

less steep function of time. Thus the amount of (H2) needed at the steady 
) 

state has been achieved within two hours however since much more Co.is 

required for steady state conditions, 	so it takes much longer to achieve 

its neccessary concentration, six hours in fact. 
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The delay in carbon dioxide production is thought to be due again to a build 

up of sufficient Co on the coke surface before reaction with carbon monoxide 

or water vapour can take place. The plots on figure 13 are not representative 

of quantity since the ppm scale should be multiplied by the helium flowrate 

to give a scale of ml/min evolved. The NTP flowrate for E2 was 8 ml/min 

and for El it was 47 ml/min. Therefore the El plot, if multiplied by 5.9 

would give a comparison of quantity with the E2 plot. Therefore according 

to the E2 results for carbon dioxide production, a sufficient concentration 

of Co on the coke surface has been achieved when the carbon monoxide gas 

concentration has reached about 1500 ppm. This assumes that the quantity of 

Co is directly related to the gaseous concentration of carbon monoxide. 

Therefore in the El experiment the Co concentration on the surface needed 

for carbon dioxide production has been achieved when the gas concentration 

has reached 1500/5.9 ppm . 254 ppm which, as can be seen from figure 13 

is achieved within minutes.Thus carbon dioxide is produced almost immediately 

in experiment El whereas in E2 none appears for three hours. 

In experiment E2, if it is assumed that water vapour reduction immediately 
f % 

achieves its steady state rate then the quantities of Co and (H2) can be 

calculated by integrating a plot of rate of formation of these species 

versus time. The gaseous production rate when subtracted from the steady 

state rate will give this rate of accumulation of the adsorbed species. 

However it must be remembered that for the oxygen balance, the gaseous rate 

of carbon monoxide must be added to twice the gaseous rate of carbon dioxide 

production.Prom figure 14 it can be seen that the rate of accumulation of 

(H
2
) is initially very high but this high rate rapidly decreases away to 

, 
zero within two and a half hours. Co accumulation however is initially 

lower than for hydrogen7 however after the twenty minute mark its rate of 

accumulation is higher and decreases at a slower rate than that of adsorbed 

hydrogen. Integration of these plots shows that 1.58 ml of hydrogen are 

adsorbed and 6.65 ml of Co are generated, both these species are stable 

at the reaction temperature of 800°C on the coke surface. 

This same treatment cannot be applied to the El results since the initial 
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rate of reduction of water vapour was much higher than the steady state rate. 

This may have been the case in experiment E2, but as the rate of appearance 

of the product gases never exceeded the steady state rate, it was possible to 

subtract them from the steady state rate. This is impossible for El, however, 
1 

in both cases, the amount of Co on the coke surface is much greater than the 

amount of (H2).  

From these experimentsv it was found that both Co and adsorbed hydrogen are 

retained on the coke surface during the initial reaction with water vapour. 

Since , in a TORCO segregation chamber, the coke particles are covered with 

the deposited copper, it was decided to perform two experiments, in which 

copper powder was thoroughly mixed with the coke charge ; and the initial 

reaction of water vapour with this bed could then be studied to discover if 

the copper was responsible for any increase of adsorbed species on the coke 

surface. 

The segregated copper from a TORCO plant is of such a particulate size and 

form, that its growth can only be attributed to copper deposition on copper. 

Thus, hydrogen must exist in quantity at the copper surface, in order to 

reduce the cuprous chloride vapour. The following experiments' aim was to 

discover if the amount of hydrogenpretained by the presence of copper in 

the coke bed, derived from the steam-coke reaction,could be responsible for 

possible cuprous chloride vapour reduction. 

* 
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F. Initial reaction of coke plus 1.0 and 0.1 % by weight of copper powder  

at  800°C with water vapour at a gas residence time of 17 seconds. 

The F series of experiments was performed to discover if the steam-coke 

reaction was catalysed,to produce more hydrogen, either in adsorbed or 

gaseous form, by the presence of physically admixed copper powder. 

Again, to reduce the amounts of inherently contained species in the coke, 

the beds were pre-heated to 1000°C. 

Experiment P1  0.1% by weight of copper powder (electrolytic +200 mesh) 

was thoroughly mixed with coke and a lai cm deep bed of this mixture which 

weighed 10.517 I 0.001 gms, was heated in a Mk I reaction tube at 1000°C 

for about 50 hours in a dry helium flow. The temperature of the bed was 

then lowered to 800°C and the flushing helium gas flow was switched out 

of the system and a flow of helium containing 1% of water vapour was 

switched into the system at the inlet manifold. The effluent gas was ana-

lysed every three minutes for three and a half hours. Readings were then 

taken periodically until a steady state had been achieved. The flowrate 

through the bed was such that the gas residence time in the bed was calc-

ulated to be 17 seconds* 

Experiment F2 The procedure in this experiment was exactly the same as 

in P1 but 100 copper by weight was thoroughly mixed with the coke. 

Results The concentration values obtained are plotted in figure 15 with 

the results of experiment E2 against time since reaction initiation. Again 

experimental points are only shown every fifteen minutes whereas they were 

taken every three minutes.From the integration of the hydrogen plots in 

figure 15 by multiplying the concentrations by the flowrate at NTP and 

plotting these results against time, the volume of hydrogen leaving the 

bed can be calculated and is plotted for the three reactions P1,F2 and E2 

against time in figure 16. It can be seen that the presence of copper 

powder in a coke bed has the effect of delaying the appearance of hydrogen 

in the effluent gas stream. Also from figure 15 it will be noticed that 
• 
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irrespective of quantity, the presence of copper in the coke bed has the 

effect of reducing the initial amount of carbon monoxide produced but 

thereafter the rate of production of the gas is constant and equal to the 

rate of production of carbon monoxide in the experiment carried out in the 

absence of copper. Very little carbon dioxide was produced in the three 

and a half hours of initial reaction for the coke bed and it was not det-

ected at all when copper was present. The steady state values of gas con-

centration remain largely unaltered when copper is present in the coke bed 

and any differences that arose in final concentration values could be due 

to slight variances in the packing of the beds which would give rise to 

small differences in the gas residence times in the beds. Thus it would 

appear from figure 15 that the presence of copper in a coke bed undergoing 

oxidation by water vapour, has the effect of delaying the production of 

hydrogen and carbon monoxide. The first effect, of hydrogen retention, is 

dependant on the quantity of copper present, the second effect , of carbon 

monoxide retention, is not dependant on the quantity of copper that is in 

the bed. The rate of evolution of hydrogen was constant and equal in all 

experiments after two hours and ten minutes of reaction. From figure 16, 

up to this point in time, experiment E2 produced 0.246 mis of hydrogen , 

correct to NTP; experiment F1 ( + 0.1% Cu) produced 0.229 mis of hydrogen; 

experiment F2 ( + 1.0% Cu) produced 0.178 mis of hydrogen. 

By a similar method it was calculated that the presence of copper in both 

experiments Fl and F2,reduced the initial amount of carbon monoxide prod-

uced by 0.498 mis, hence carbon monoxide retention seems independant of the 

quantity of copper present...However, the retention of hydrogen is dependant 

on copper quantity ; in a coke bed of 10.5 gms , the presence of 0.1% copper 

is responsible for the retention of 0.017 mis of extra hydrogen on the coke, 

and 1.0% copper is responsible for the retention of 0.068 extra mis of 

hydrogen on the coke, which, on its own,retains 1.58 mis of hydrogen. (from 

figure 14 page 74). Both amounts of copper are responsible for the retention 
• 

of 0.5 ml of extra carbon monoxide in addition to the 6.65 ml already ret- 
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• 

ained by the coke in the absence of copper, 

DISCUSSION  

From the steady state results it can be seen that there was very little 

if any effect on the water vapour reduction. Any differences in concentr-

ation values could be due to slight differences in the flowrate which would 

have a considerable effect on aC 
at this temperature and at this residence 

f 
 

time. 

The only significant effect is that, assuming that water vapour immediately 

achieves its steady state rate of reduction, the quantities of Co and (H2) 

on the coke surface are increased by the presence of copper powder. By 

following a similar procedure to that used in the previous discussion, it 

is found that 0.1% is responsible for 0.0167 ml more hydrogen and 1,4 

copper is responsible for the retention of 0.0692 ml more (H2). Thus the 

effect of copper on hydrogen adsorbtion is quantity dependant. The retention 
f 1 

of carbon monoxide as the surface oxide Co, appears to be independant of 

the amount of copper powder present, 0.5 ml of Co in each case. 

If the gases vere adsorbed by the copper it would be expected that the 

ratio of hydrogen held by 0.1°Aopper to that held by 1.0,r0 copper would be 

1:10, in fact the measured ratio was 1:4.1 . Similarly the ratio of Co 

held by the two quantities of copper should be 1:10 and was measured at 

1:1 0 It could be argued that the contact between the coke and copper in 

each case varies according to mixing therefore the areas of contact are 

not in the ratio of 1:10 and so the quantities adsorbed could vary from 

the 1:10 ratio. However it is thought that this effect cannot explain such 

a large discrepancy* 

It is supposed that the presence of copper particles physically in contact 

with a cok+ surface, 	by electron interaction weaken the bonding between 

the matrix atoms and a surface carbon atom:  thus generating an active site. 

The generation of these sctive sites,above a certain minimum concentration 

of coprerl is inderendant of the copper concentration and the type of site 

generated shows a stronger adsobtive tendency towards Co than to hydrogen. 
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Working on this supposition ,then0.1A copper adsorbs 0.0058 ml of hydrogen 
1 

and generates 0.5109 ml of active sites of which the ratio of Co to (H2) 

is 0.5/0.0109 = 1:4.6 g 1% copper adsorbs 0.058 ml of hydrogen and generates 

the same number of actives sites 0.5109 ml of which the ratio of ICO to (H2) 

is also the same•at 1:4.6 Thus the quantities of hydrogen retained are 

0.0058 + 0.0109 ml 0.0167m1 for 0.1% copper ; and 0.058 + 0,0109 = 0,0689 ml 

for 1.0% copper. 

Thus copper on a coke surface not only adsorbs hydrogen itself but could be 

responsible for the generation of active sites This active site generation 

does not upset the steady state reduction of water vapour since it initially 

increases the number of sites which contain adsorbed material and in no way 

generates new active sites which would be free to enhance water vapour 

reduction in the steady state. The above supposition tacitly assumes that 

a copper particle is capable of generating an active site,not neccessarily 

at the point of contact with the coke but, at some distance away from itself. 

From experiment E2 it was found that, assuming water vapour immediately 

achieves its steady state reduction rate, 8.27 ml of active sites are 

in existence at the reaction temperature, in this experimental series it 

has been found that 0.5109 ml of active sites are additionally generated. 

This corresponds to an increase of 6% totally attributable to the presence 

of copper in physical contact with the coke particles. The error estimated 

for the volume measurements is ±eol and for weighings is t 0.55. 

Having ascertained the effect of copper on the initial adsorbtion of the 

reaction products from the steam-coke reaction , it was decided that for 

a comparison with other carbon types, two further experiments should be perf-

ormed. These would duplicate the method of experiment E2, but the charge 

materials would be graphite and charcoal.It was hoped to discover any diff-

erence in quantity,and in the ratio,of the two adsorbed species,Co and (H2) 

between all three types of carbon studied in this work. 
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G. Initial reaction of graphite and charcoal at 800°C with water vapour. 

This series of experiments was carried out to discover if there were any 

similarities between the behaviour of charcoal and graphite, and that of coke 

during the initial reaction of water at 800°C. 

Experiment G1  The method employed was similar to that in experiment E2 but 

graphite was used as the bed material, since its bulk density is less than coke 

the residence time of the gas in the bed has been increased to 22 seconds. 

Experiment G2 Again the same method was employed as in experiment E2, however 

the charge material was charcoal and the gas residence time in the bed has 

been increased to 22 seconds. 

Results. The concentration values obtained for 01 and G2 are plotted against 

time after reaction initiation in figure 17. It will be noticed that the 

behaviour of graphite closely resembles that of low residence time coke in 

experiment El (see figure 13) in as much as the concentration plots exhibit 

maxima after an initial rapid rise. However hydrogen and carbon monoxide 

achieve their steady state values of concentration much more quickly than 

in experiment.E1. Carbon monoxide has reached its steady state in only 40 

minutes and hydrogen takes 	hours whereas in experiment El with coke 

these gases had not reached steady concentration values after 5 hours. 

Unlike experiment El no carbon dioxide could be detected during the initial 

3 hours of reaction. 

The charcoal behaviour however,slightly resembles that of longer residence 

time coke(experiment E2),only in as much that the general shape of the 

plots are similar. The major difference is that carbon monoxide initially 

rapidly evolves from the bed and has almost reached its peak value before 

hydrogen is first detected in the effluent gases. The rate of evolution 

of hydrogen is much slower than that of carbon monoxide in this experiment 

whereas in experiment E2 the reverse is true. Again no carbon dioxide was 

detected in the first 3i hours of the reaction. 

• 
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DISCUSSION  

From figure 17 it can be seen immediately that charcoal adsorbs very little 

carbon monoxide but its adsorbtion of hydrogen is large. Graphite, however, 

appears to adsorb carbon monoxide in preference to hydrogen, but the quantitie 

are much lower than in the charcoal experiment. 

For graphite reactions 19 and 20 proceed rapidly with a corresponding 

increase in the gaseous concentration of hydrogen. Reactions 21 and 23 

however are not as rapid but do continue such that the gaseous concentration 

of carbon monoxide rises gradually with time. Since carbon monoxide evolution 

is not at the same rate as that of hydrogen then there is a build up of 

CoC on the graphite surface. This poisons the reaction to such an extent 

that the rate of reduction of water vapour is substantially reduced. This 

is reflected in the gradual decrease in the concentration of hydrogen in the 

gas stream. Also the hydrogen adsorption reaction has now been activated 

and hydrogen begins to accumulate on the surface and reduces the gaseous 

concentration of hydrogen even further. It appears that the rate of decrease 

in the rate of water vapour reduction is the same as the rate of decrease 

in the rate of Co accumulation, since the rate of carbon monoxide production 

is constant over this period ( -1-g. to the four hour mark). 

Thus the initial reaction of water vapour with graphite is rapidly poisoned 
1 

by the accumulation of Co on the surface. At the reaction temperature 

the quantity of Co that is stable is very much greater than the quantity 

of (H2). Therefore graphite behaviour is similar to that of low residence 

time coke. On coke at low residence times it is the high flowrate of the 

gases which delays the adsorbtion of hydrogen and for graphite it is the 

higher value of the energy of activation for adsorption. 

Charcoal however shows the complete reverse. The initial rate of water 

vapour reduction is higher than the steady state rate but the Co produced 

is very unstable on the charcoal surface and it immediately appears in the 

gas stream. 'Jithin an hour the reduction has reached a pseudo-steady state 
• 

and the concentration of Carbon monoxide is reasonably constant. 

Hydrogen which is produced at the same rate as Co does not appear in the 



(85) 

gas stream because the adsorbtion of hydrogen on a charcoal surface is 

considerable. Only after a half hour of reaction does hydrogen begin to 

appear in the gas stream. Thus after the half hour mark the rate of desorptio 

has now exceeded the rate of adsorption and does so increasingly until the tw 

hour mark where the difference between the two rates begins to diminish* 

In the steady state , of course, the rates are equal. Therefore the gaseous 

concentration of hydrogen increases at an increasing rate up to the two 

hour mark then increases at a decreasing rate thereafter until the steady 

state is reached. Hydrogen which has adsorbed onto the charcoal surface 

has reduced the number of sites at which water vapour can react and so 

during the hydrogen adsorbtion the concentration of carbon monoxide has 

decreased slightly. 

Since the quantity of Co on the charcoal surface is so low there is no initiE 

production of carbon dioxide and even in the steady state condition the 
( 
Co concentration is so low that the production of 

The CO/CO
2 ratio is therefore quite high at 15:1 

1 
surface the build up of

, 
 Co was quite considerable 

carbon dioxide is minimal. 

. Conversely on a'graphite 

during the initial reaction 

and this is reflected in the CO/CO2  ratio of 1:1 
I 	1 

The volumes of Co and (a2) retained on the two surfaces can be calculated 

if a reasonable assumption is made about the degree of water vapour reduction 

in each case. In experiment G2 for charcoal it is assumed that the initial 

amount of water vapour reduced was 4000 ppm and this decreased linearly 

with time over five hours to its steady state value of 3650 ppm. For 

graphite it is assumed that the initial amount started at 3000 ppm and 

continued at this rate to the half hour mark where it is assumed that ad-. 

sorbtion of hydrogen is complete and so the concentration of the water vapour 

being reduced is identical the the hydrogen plot thereafter. 

Figures 17a., 17b show the plots of accumulation rates of Co and Cad for 

charcoal and graphite respectively. The assumed degree of water reduction 

• 
	 has also been plotted. The integration of the plots are given and were 

found to be 3.33 ml of (H2) and 0.34 ml of Co for charcoal and 1.98 ml of .Co 
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and 0.232 ml of (H2) for graphite. For comparison with the E2 results it 

must be remembered that these beds were all of constant volume and the 

actual:weights were 10.5,8.21 and 5.93 ems for coke, graphite and charcoal. 

Thus per gram of bed the ratios of Co to (H2) were as follows ;- 

CoCoke 	 o : (H2) 	. 	0.6333 : 0.1505 . 4.21 

Charcoal N : (H2) = 0.05733 : 0.5621 . 0.102 : 

Graphite Co : (ff2) = 0.24117 : 0.0283 = 8.53 : 

1 ml/m1 at NTP 

1 mliml at NTP 

1 ml/m1 at NTP 

Thus when water vapour reacts with these three types of carbon for every 

ml of Co generated which exists on 
	coke . :0.38 ml would stably 

exist on a graphite surface and 0.092 ml would be on a charcoal surface 

at 800oC. At this same temperature for every ml of hydrogen that will be 

stable on a coke surface 4.1m1 would exist on a charcoal surface and 0.19 ml 

would be stable on a graphite surface. 

Therefore from this series of-  experimentsit was found that coke will hold 

more Co than either graphite or charcoal whereas charcoal will hold more 

hydrogen than either coke or graphite. 

So far in this work, the steady state of the steam-carbon reactions has been 

studiedi and found to be far removed from thermodynamic equilibrium. Also 

the initial reaction of water vapour,with three carbon types, has been studied, 

and the effect of copper particleslin a coke bed, has been studied with refer-

ence to the initial reaction with water vapour. 

In a TORCO reactor, the charge materials only spend about fifteen minutes in 

the segrgation chamber, therefore the system will never have a chance to 

reach a steady state, let alone true thermodynamic equilibrium, with the 

water vapour in the system. 

Also in a TORCO reactorlthe carbonaceous material is not degassed at 1000°C 

Therefore the reactions so far studied have no direct relevance to the 

actual workings of a commercial plant, even so, the results obtained from 

the early experiments will prove useful in the determination of a more 

suitable reducing agent foi cuprous chloride. 
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H. Reactions of coke in a wet or dry helium gas flow when the coke bed is  
heated from 150°C to 850°C  

In a TORCO plant, ore together with coal, is fed into a fluidised bed, through 

whichlair is blown. The coal burns in the air and heats the ore to a temper-

ature of about 800°C. The hot ore and burnt coal, overflows into the segreg-

ation chamber where extra coal and salt are added. Although the flue gases 

are drawn off, some, inevitably, get into the segregation chamber; and it is 

found that these gases consist of about I% oxygen and i% water vapour, the 

rest being nitrogen plus carbon oxides. 

If gaseous hydrogen is responsible for the reduction of the cuprous chloride 

vapour, then it would be advantageous to discover from what source this 

hydrogen is derived. Therefore, gaseous hydrogen was the main product analysed 

from the H and I series of experiments, which were designed to simulate the 

various conditions at the top of the segregation chamber; that is, coal.and 

salt being rapidly heated to about 800°C. aperiment 12 reproduces these 

conditions; however, to separate the various effects of salt and water vapour 

on hydrogen production, experiments H1,H2 and Il are needed. These four 

experiments cover all the combinations of coke in the absence, and in the 

presence of water vapour; and coke plus saltlin the absence and in the presence 

of water vapourlrespectively. 

The coal in a TORCO plant is pre-dried, and so all the coke beds were heated 

at 150°C to simulate the drying effect. As in the previous experiments, a 

constant weight of coke was used, 10.5 gms; howeverlthe reaction tube used 

was now changed from a Mk I to a Mk II: 10.5  Bras of coke in a Mk I tube, 

gave a bed depth of 13.5 cms, the same weight in a Mk II tube gave a bed 

depth of 5,5 oms. Thus a bed in a Mk II tube, was in a more even constant 

temperature zone. Also, as a coke bed is heated up to about 700°C, tars and 

oils are driven off, from the coke. In a narrow 'Mk I tube these tars some-

times temporarily blocked the helium flow, but this did not happen in a 

wider Mk II tube. In the H and I series of experiments, measurements were to 

be taken as the bed was heated to 850°C, which required a constant flowrate. 
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Although the measured gas temperature,at the top of the segregation chamber, 

slightly varies around 750°C, the burning coal temperature could be higher 

than this, and so it was decided to heat the coke to a temperature of 850°C 

to simulate this possible extreme temperature condition. 

A departure is made from the normal reporting style, in as much that the 

experimental procedures and results of the I series immediately follows those 

of the H series; then the combined results are discussed together. This is 

done, because the deductions made from each experiment are directly dependent 

on the results of the other three experiments, and so an isolated and separate 

dismission of each series would be pointless. 

Ecperiment H1 10.5 gms of coke was preheated in a Mk II reaction tube for 

18 hours in a dry helium flows  the temperature of the bed was then raised to 

850°C by setting the furnace controller to 850,and the temperature was noted 

at each gas concentration reading, which took place every three minutes. The 

thermocouple was situated inside the furnace tube but outside the reaction 

tubettherefore the temperature of the bed was slightly lower than the measured 

temperature , during the heating process. This experiment was referred to as 

'dry coke'. 

Ecperiment H2. 10.5 gms of coke was preheated in a dry helium gas flow at 

150°C for 18 hours, then water vapour was introduced into the system at a 

concentration of 1%. The temperature of the bed was then raised to 850°C and 

gas analyses were performed every three minutes. This experiment was known 

as 'wet coke'. 

In both experiments, the helium flowrate was such that the gas residence time 

in the bed was 17 seconds at temperature..  

Results. During the heating process, hydrocarbons (tars,oils etc.) other 

than methane were evolved from the coke. While some of the heavier hydro-

carbons condensed in the cooler parts of the reaction tube, the rest were 

passed through the pipework and were subsequently injected into the chroma-

tograph columns. Sampling by injection was performed every three minutes, 

during which time,the injected gases were being elated from the columns. 

The elution times of the gaseous hydrocarbons was such that7 during the 



• (91) 

elution of gases from the fifth injection, two large 'roguelpeaks were 

detected. These peaks were probably due to the elution of hydrocarbons from 

the third and fourth injections. These 'rogue' peaks hindered the evaluation 

of the results of the sixth and seventh injections also. Similarly, one part-

icular hydrocarbon, had such a long elution time,that after one hour,a peak 

started eluting which took fully thirty minutes to elute completely, thus 

no results were possible during this period. 

Figure 18 shows the concentration changes with temperature and time. Although 

readings were taken every three minutes, for clarity they are only plotted 

at fifteen minute intervals, and, for the reasons explained above, the results 

between the one hour and the one and a half hour mark, are estimated. 

From figure 18 , it can be seen that the principal gaseous product,from heatin 

a coke bed from 150-850°C,was hydrogen, howeveri there were also significant 

quantities of methane and carbon monoxide evolved. A surprisingly large.  

quantity of nitrogen was also evolved from the bed during the heating process 

Figure 18, however, does not give a clear indication of the actual quantities 

of gas evolved, and so a different treatment of the results is required to 

give volume evolved versus time. Although the helium flowrate was 8 ml/min, 

the evolved gases increased this value and so the following equation was used 

to calculate actual flowrate :- 

1,000,000 
	 x 8 = actual flowrate. ml/min 
1,000,000 - Eppm 

where Lppm is the sum, in ppm of all the evolved gas concentrations 

By multiplying each gas concentration by the actual flowrate, the individual 

gas flowrates can be calculated. By plotting these flowrates,versus time , 

for each gas, a graph is obtained which, upon integration, yields the 

total volume of each gas evolved. In fact , these graphs were integrated 

over ten minute intervals, and the running total of gas evolved was plotted 

against time in figure 19, for each measured gas. 

Figure 19 contains the results for experiments BA and H2, the dry and wet runs, 
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FIGURE 19 VOLUME OF GAS EVOLVED VERSUS TIME AFTER TM1PERATURE RISE 
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Figure 19 also shows the amount of water vapour passed through the coke bed 

in the wet coke experiment. It can be seen that as would be expected, more 

hydrogen and carbon monoxide are evolved in the presence of water vapour. 

However this extra amount of hydrogen is small compared to the amount rel-

eased by the bed itself as it heats up. Since less carbon monoxide was rel-

eased by the bed the extra amount of carbon monoxide produced by the water 

vapour reduction is a more significant effect. Methane production from the 

coke is also slightly enhanced in the water vapour experiment. Thus the 

presence of water vapour has increased the volume of hydrogen,methane and 

carbon monoxide by 7.00,1.25 and 7.45 mis at NTP in two hours and forty 

minutes of reaction respectively. These increases when expressed as perc-

entages of gas evolved in a dry experiment are 13% for hydrogen, 50% for 

carbon monoxide and 15% for methane. It can also be seenfrom figure 1S that 

methane production is virtually complete after forty minutest  but carbon 

monoxide and nitrogen production still remain significant, after the initial, 

high rate has diminished. Hydrogen however, after the initial large evolution, 

is still produced in quantity, but at a decreasing rate with time. 

As was explained earlier, the discussion of the H series of experiments 

is combined with that of the I series of experiments and follows on page 97 . 

The experimental procedure and results of the I series follows immediately. 
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I Reactions of coke plus 0.5% sodium chloride in a stream of wet or dry 

helium when heated from 150 to 850
o 

 C  

Experiment I1  Coke and salt were thoroughly mixed together to give coke 

containing 0.5% salt by weight. This material was used as the charge in 
• 

this experiment. The method of drying the bed, contained in a Mk II reac-

tion tube at 150°C is described in H1. This bed was then heated to 850°C 

in a stream of dry helium at an NTP flowrate of 8 ml/min. This experiment 

is referred to as 'dry salt'. 

Experiment 12  The method employed in this experiment was identical to that 

used in experiment I1 except that instead of being heated from 150 to 850°e 

in a dry helium flow, the helium contained water vapour at a concentration 

of i% in this experiment and so the run is known as 'wet salt'. 

Results A similar procedUre was carried out on the results obtained as 

in the above results section,thus figure 20 is a plot of volume of gas 

evolved from the bed against time after the initial temperature rise for 

both experiments I1 and 12 together with the results of .H1 and H2. 

It will be noticed that the presence of salt in a coke bed when the helium 

contains water vapour increases the amount of carbon monoxide produced over 

the amount produced in the absence of salt. Thus the salt is catalysing the 

reduction of water vapbur or is catalysing the desorbtion of carbon mono-

xide from the coke surface. However in a dry system the amounts of carbon 

monoxide produced are almost identical in the presence or 'absence of salt. 

Therefore the action of the salt must be as a catalyst of steam reduction 

by coke.Thus it would be expected that in the 'wet salt' experiment the 

amount of hydrogen produced should be more than in the 'wet coke' experi-

ment. However from figure 20 it can be seen that the volume of hydrogen is 

not greater than in the 'wet coke' run in fact, for the 'wet salt' run the 

volume of hydrogen produced is less than in the 'wet coke'. 

By considering the 'dry coke' and the 'dry salt' experiments it will be 

seen that when salt is present in the system the amount of hydrogen iB re-

duced. Thus after two hours and forty minutes of reaction the 'dry coke' 

run produced 55.75 ml of hydrogen at NTP whereas the 'dry salt' run prod-

uced 50.75 ml of hydrogen at NTP. Thus in this time period the salt has 

reduced the amount of hydrogen produced by 5 mis. Since salt catalyses 
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S 

the reduction of water vapour and no carbon dioxide was evolvedIthe 

extra amount of carbon monoxide produced should be equal to the extra 

amount of hydrogen expected. Therefore instead of producing 2.25 extra 

mis of hydrogen 'wet salt' produces 2.60 mis less hydrogen,thus the 

presence of salt in a wet system reduces the amount of hydrogen produced 

by 4.85 mis. 

Methane production appears to be enhanced by the presence of salt. In a 

dry system the amount of methane produced was 8.25 mis in the absence of 

salt and 8.75 mis in its presence. In a wet system, in the absence of salt 

9.50 mis of methane are produced whereas in its presence 10.5 mis are 

produced. Thus the difference between wet and dry in the absence of salt 

is 1.25 mis of methane and in the presence of salt the difference is 1.75 

mis. Therefore it appears that salt also catalyses the production of methane* 

To summarise therefore, salt has no effect on carbon monoxide production 

from a coke bed in a dry system. In a wet system it slightly catalyses the 

production of carbon monoxide. Salt reduces the amount of hydrogen produced, 

in both a we-bond in a dry system,by the same amount. Dutra hydrogen is 

produced in a wet system, from the steam-coke reaction, and salt catalyses 

this reaction to a small extent. Both salt and water vapour inorease the 

amount of methane produced from the coke, but their combined effect is 

greater than their gummed individual effects. 

DISCUSSION of the H and I series. 

From fiLTIre 18 for the wet coke it can be seen that the oxy,en on the coke 

surface is evolved mainly as carbon monoxide with little if any carbon 

dioxide, The temperature of maximum rate of production was about 600°C end 

as the temperature increased to 850°C less was produced. Its rate of 

production fell in an exponential manner frraclually approaching the st?ydy 

state rate of production from water vapour at this temperature. 

The maximum rate of methane production was at 550°C and the rate rapidly 

fell as the temperature increased and after fifty minutes methane production 

had ceased. Witrocen production had reached its maximum rate when the temp 

0 
erature VMS about 800.0 and only hydrozents maximum rate of production 
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coincided with the maximum temperature achieved, 850°C. Hydrogen constituted 

the greatest percentage of the evolved gases, the decrease in its concentr-

ation away from its maximum was very gradual and after two and a half hours 

its concentration was still far removed from its steady state value. 

It is suggested that as carbon monoxide and methane are immediately prod-

uced as soon as the temperature begins to rise, these gases are derived 

from the desorption of adsorbed gas and their production is not due to 

thermal decomposition of any other species. Hydrogen production does not 

start until the bed temperature has reached 350°C, thus suggesting that 

the hydrogen produced in these experiments comes mainly from the cracking 

or thermal decomposition of hydrocarbons and very little is derived from 

adsorbed hydrogen. 

Similarly it is proposed that the nitrogen evolved is derived mainly from 

a chemical source since its temperature of maximum production was much 

higher than that of either carbon monoxide or methane. Figure 18 shows 

that while methane production was complete after fifty minutes nitrogen 

was still being evolved from the bed after two and a half hours, further 

suggesting that nitrogen comes mainly from the thermal decomposition of 

a nitrogen bearing compound. There is a small amount of adsorbed nitrogen 

since this evolves as soon as the bed is heated. 

From figUre 19 compared to the dry coke run, the effect of water vapour 

on the bed is seen to increase all gas concentrations. According to the 

difference between the wet and dry carbon monoxide plots, the water vapour 

reduction is initiated as soon as the the bed temperature reaches 500°C and 

continues at an increasing rate as the temperature rises. At 850°C the 

rate stabilises at its steady state rate since the rate of production of 

carbon monoxide from the wet coke is virtually linear after the forty 

minute mark. 

Methane at this temperature does not appear to be a steady state reaction 

product of water vapour reduction since the volume evolved does not increase 

with time after the bed has reached 850°c. However the presence of water 
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vapour in the coke while the temperature was being raised increased the 

amount of methane produced therefore it is assumed that this production 

was due to the reaction of water vapour with coke at the lower temperatures 

where methane is more stable. 

Figure 20 shows all the combinations of 'wet','dry' and with salt. Salt 

appears to have no effect on the production of carbon monoxide in a dry 

system however in a wet system the presence of salt in the bed catalyses 

the steam coke reaction to produce more carbon monoxide. 

Hydrogen production is affected both in the dry and wet ,systems by the 

presence of salt. After two and a half hours of reaction it reduces the 

amount of hydrogen produced by 5 ml. In a wet system it reduces the amount 

of hydrogen produced by 2.6 ml but 2.35 ml more hydrogen was expected 

from the catalysed water vapour reduction. Therefore whether in a dry or 

wet system , salt reduce's the amount of hydrogen produced by approximately 

5 ml after two and a half hours of reaction. It is thought that either 

salt slightly inhibits the cracking of hydrocarbons, producing methane 

instead of hydrogen, or that hydrogen reacts with salt in the presence of 

ash constituents to produce hydrogen chloride gas. This latter aspect 

will be dealt with in the discussion of experiment L. 

Methane production is also a function of salt and water vapour, either 

improves methane production but their combined effect is greater than 

their summed individual effects. Therefore salt catalyses the production 

of methane from the steam coke reaction at temperdures below 850°C. From 

the JANAF(62) tables it is found that the free energy of formation of 

methane at 850°C from hydrogen and carbon is +7.25 kcal/mole. This means 

/ that PCH / H is approximately 0.04 at 8500C therefore the equilibrium 
4 2  

partial pressures of methane at this temperature existing with 90,000 

50,000 and 25,000 ppm of hydrogen are 314, 100 and 24 ppm. Thus from figure 

18 these are the methane concentrations expected after twenty-five minutes, 

one hour and two hours of reaction. However in all the experiments the 

measured methane concentration was greater than these equilibrium values. 
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Thus methane is metastable at 850°C with respect to hydrogen. 

In a dry system therefore 8.25 ml of methane are produced in two and a 

half hours from the desorption of adsorbed methane and from the incomplete 

cracking of hydrocarbons at temperatures below 850°C. When salt is 

added to the dry system it hinders the full cracking of hydrocarbons and 

produces 0.5 ml more methane with a corresponding reduction of 1m1 of 

hydrogen. 

In a wet system 8.25 ml are produced from the adsorbed state and from 

incomplete cracking, another 1.25 ml are produced from the reaction of 

water vapour with coke making 9.5 ml in all. When salt i8 present in the 

wet system the water reduction to methane is catalysed and produces 

1.75 ml instead of 1.25 ml. Also the hydrocarbon cracking inhibition 

produces 0.5 ml making 10.5 ml in all. 

Thus although salt inhibits the hydrocarbon cracking in each caselthe 

1 ml reduction in the amount of hydrogen produced does not account for 

all of the observed reduction in the hydrogen volumes, (5011). 

Sumiarising therefore, water vapour in the system begins to react with 

coke at 5000C and in two and a half hours produces 7.00 ml of hydrogen, 7.45 

ml. carbon monoxide and 1.25 ml of methane which increases the amounts of 

gases produced from the bed by :- 

135for hydrogen, 50% for carbon monoxide and 15 for methane. 

The presence of salt in a coke bed cat?lyes the water vapour coke reaction 

by 145:  it also catalyses the minor steam coke reaction to produce methane 

by 405;2  It slightly inhibits the full thermal cracking of hydrocarbons 

and produces methane with a corresponding reduction in hydrogen production 

and salt also reduces the quantity of hydrogen produced in a wet or try 

system by their possible reaction to hydrogen  chloride, 

* 	. * 	iE 	iF 	iF 	aF 	iF * 	* 
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J. Reaction of sugar charcoal when heated in a dry helium gas flow from 150°C 
to 850°C  

Purely for the sake of comparison, charcoal was subjected to the same treat-

ment described for coke in experiment H1. Since beds of constant volume are 

being studied, although the bed depth was the same, the weight of charcoal 

used in J1 was 5.9 gms. 

Experiment JI A .bed of sugar charcoal 52 cms deep was held in a Mk II 

reaction tube at 150°C for 18 hours in a dry helium flow. The temperature 

of the bed was then raised to 850°C and the effluent gases were analysed. 

Results The results of experiment J1 are plotted together with the results 

of HI for dry coke in figure 21 as volume of gas evolved from the bed ver-

sus time after reaction initiation. 

It can be seen that methane production is virtually halved in a charcoal 

bed compared to the coke experiment. Also the rate of evolution of carbOn 

monoxide is very much greater in the charcoal run initially,than in the 

coke run. However the final volumes achieved were identical after two 

hours and forty minutes since the initial temperature rise. Thus charcoal 

produced 15.5 mis of carbon monoxide in this time period as did coke. Coke 

produced 8.25 mis of methane in the same time period but charcoal only prod-

uced 3.8 mis of methane. 

The hydrogenl in the charcoal experimenti only appeared 	ten minutes 

after the temperature rise initiation,whereas in the coke experiment,the 

hydrogen appeared as soon as the temperature was raised . Thus although 

the hydrogen production in JI suffered an early delay,its rate of prod-

uction was greater than that in the coke experiment rso that after one hour 

and five minutes after the temperature rise, the volumes of gas prod-

uced in both experiments were the same. However the rate of evolution 

of hydrogen from the charcoal remained higher than that of coke, so that 

after two hours and forty minutes of reaction the charcoal has produced 

• 	 58 mis of hydrogen whereas the coke produced 55.75 mis at NTP. 
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FIGURE 21 VOLUME OF GAS EVOLVED VERSUS TIME AFTER TFJvTPERATURE RISE 
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DISCUSSION  

All experiments in a Mc II reaction tube always contain 10.5 gms of coke 

which gives a bed depth of five and a half centimetres. However in order 

to give the same residence timelthe bed of charcoal only weighed 5.93 ems. 

Therefore figure 21 is only comparative as far as residence time and the 

effect on gas liberation. After two and a half hours of reaction the 

gases released per gram of sample were as follows :- 

Coke 5.48 ml hydrogen, 1.48 ml of carbon monoxide and 0.79 ml of methane 

Charcoal 10.0 ml of hydrogen, 2.6 ml of carbon monoxide and 0.64 ml methane. 

In experiment J1 the production of methane and carbon monoxide was fully 

complete after thirty minutes of reaction i.e. as soon as the bed reached 

850°C. Hydrogen was slow to evolve initially but after the twenty minute 

mark its production rapidly increased with time. No carbon dioxide or 

nitrogen was produced at all. 

Sugar charcoal therefore contains weakly held !oxygen' and some weakly held 

'hydrogen', but also contains strongly held 'hydrogen'. It is thought that 

after sugar charcoal Production is completed, the charcoal still contains 

semi-charred material. Sugar involves both C-H and C-O-H bonds and it 

is supposed that the 0-0-H bonds on charring give rise to adsabed carbon 

monoxide and methane. The C-H bonds however are much more stable and 

semi-charred material will contain plenty of these bonds. Thus by heating 

the semi-charred material the carbon monoxide and methane are readily 

desorbed while the thermal breakdown of the C-H bonds is a continual 

process at temperaure. Since the hydrocarbon bond breakdown takes place 

mainly at 850°C no methane will be produced since its free energy of 

decomposition is - 7.5 kcal/mole. 

From this analysis it would be expected that the volume ratio of carbon 

monoxide to methane would be 4:1 since they are the sole products of the 

. -0-H groups. In fact the ratio was measured at 4.06:1, suggesting that some 

of the methane produced at the higher temperaures has cracked to hydrogen. 

Comparing the rates of evolution of gas from the respective surfaces it 

is seen that methane production in both cases is completed as soon ac the 
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bed reaches temperature. This is to be expected since the production of 

methane is very much dependent on the thermal stability of the gas and 

as the surfaces thus are relatively unimportant the behaviour is similar 

in both cases. 

The carbon monoxide behaviour however is less similar. The carbon monoxide 

produced from charcoal is thought to be derived mainly from adsorbed carbon 

monoxide (CO), since its production is solely a function of temperature 

and not of time at temperature. This cannot be the case with coke since 

carbon monoxide evolution continues at a steadily decreasing rate long 

after the bed has reached 850°C. It is thought that the carbon monoxide 

produced from coke is derived not only from adsorbed gas but also from 

Co,the decomposition of the surface oxide Co to (CO) which is the rate 

controlling step at 850°C since the desorbtion of carbon monoxide is 

rapid. Thus the plot before the thirty minute mark is that of the rate 

of desorbtion of adsorbed gas, and after the thirty minute mark the plot 

is of the rate of decomposition of Co to (CO). Therefore of the carbon 

monoxide produced in the first two and a half hoursIthe main source is (CO). 

Carbon monoxide continues to be evolved from CO breakdown for several days; 

after twenty-four hours its concentration in the gas stream was 340 

after another day it was 250 ppm after another day it was 180 ppm and after 

a further twenty-four hour period it was 140 ppm. Therefore over this 

ninety six hour period another 2.20 ml per gm of coke has been evolved. 

Thus coke contains more 'oxygen' than charcoal but charcoal liberates 

all its 'oxygen' in thirty minutes as the bed is heated to 850°C. Coke 

takes a little under four days to liberate the same amount of carbon mon- 

oxide because its 'oxygen' consists mainly of Co while that of charcoal 

is predominantly (CO). 

Coke, unlike charcoal, contains adsorbed hydrogen which evolves during 

the initial heating. Both carbon types contain hydrocarbon bonds which 

progressively breakdown to hydrogen as the temperature and time at temp- 

erature increases. Charcoal contains the greater number of these hydrocarbons 
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per gram of sample, this is due to their respective production processes 

and geneses. (Coke from the ovens is cooled by water sprays, giving adsorbed 

hydrogen, forming on a rapidly cooling surface ; and the charring of sugar 

to give the charcoal, is far from being complete. ) 
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K. The effect of pre-treatment on nitrogen evolution from coke when heated  

from 150°C to 850°C in a dry helium flow  

One of the more unusual results of the H and I experiments, was that each 

temperature rise in the coke to 850°C, was accompanied by an evolution 

of nitrogen. 

This series of experiments was designed to ascertain the nature of the 

source of this nitrogen. If it was found that a vacuum treatment , accompanied 

by purging with argon reduced the nitrogen and gave rise to an evolution of 

argon, then it could be argued that the nitrogen source was physical in 

nature. However if it was found that argon could not replace nitrogen, it 

could be argued that the nitrogen source was chemical This could be con - 

firmed,by lengthening the time,spent by the bed at 150°C . If, after a 

longer time at 150°C, the rate of evolution of nitrogen is lowered, then it 

could be argued that the source of nitrogen is mainly chemical. 

All bed weights of coke were 10.5 gms. 

Experiment K1 A 5i cm deep bed of coke was held in a Mk II reaction tube 

for 16 hours at 150°C.The temperature of the bed was then raised to 850°C 

and gas analyses were carried out every three minutes. 

Experiment K2 The 5i cm coke bed while in position in the furnace in a Mk 

II reaction tube was subjected to a vacuum for two hours at 20°C. Then 

argon was bled into the system and was passed through the bed for fifteen 

minutes at the same temperature and then the argon was replaced by helium 

at a flowrate of 8 ml/min at NTP. The temperature of the bed was then 

raised to 150°C and held there for 16 hours. The bed temperature was then 

raised to 850°C and readings of the gas concentrations were taken every 

three minutes. 

Experiment K3  This coke bed was subjected to a vacuum for 18 hours at 

20
oC and then argon was passed through the bed for 52 hours at the same 

temperature. Helium was then substituted for the argon and the bed temp-

erature was raised to 150°C and held there for 18 hours prior to the temp- 

7 lr 
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erature rise to 850°C. Again readings of gas concentrations were taken every 

three minutes. 

Experiment K4 Helium was passed through a coke bed held in a Mk II reaction 

tube for 64 hours at 150°C. The bed temperature was then raised to 850°C 

and gas analyses were performed every three minutes. 

Results The running total of nitrogen evolved from the bed as it was heat-

ed to 850°C is plotted against time from the start of the temperature rise, 

in figure 22. The bed reached 850°C thirty minutes after the tempera-

ture rise was initiated and it can be seen that nitrogen evolution was far 

from being complete at this time. Indeed nitrogen in all the experiments 

continued to be evolved but at a decreasing rate for at least three and a 

half hours after this time. It will be noticed also that the pretreatment 

that has the greatest effect on the volume of nitrogen evolved was the 

one in which the coke bed was held at 150°C for 64 hours. The vacuum tre-

atment seemed to have little effect, In experiments K2 and K3 as the temp-

erature rose,small quantities of argon were detected in the gas stream. 

Thus it would appear that a small proportion of the nitrogen held on a 

coke surface can be replaced by argon if the coke is subjected to vacuum 

treatment. However the principal method of reducing the amount of nitrogen 

held in or on a coke bed is by heating the bed in a stream of dry helium 

for a long period of time. During this period, the helium either replaces 

nitrogen in an adsorbtive manner or serves to sweep any nitrogen produced 

from thermal decomposition of unstable nitrides,nitratestcyanides,cyanates 

or other nitrogen containing organic substances, out of the bed. 
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DISCUSSION  

The K series of experiments were performed to discover the nature of the 

nitrogen that evolved from a coke bed when subjected to a temperature rise. 

As can be seen from figure 22 the only treatment that had any significant 

effect on nitrogen production was when the bed was held at 150°C for sixty-

four hours. The vacuum degassing at room temperature and argon flushing did 

reduce the volume of nitrogen evolved and did give rise to small quantities 

of argon being evolved when the bed was heated but these effects were 

minimal compared to the thermal treatment. It is thought that the nitrogen 

is mainly derived from organic nitrogen containing compounds in the coke 

which thermally decompose at temperature. The longer time spent at 150°C 

reduced the amount of these compounds and by a similar arguement as used 

in the evolution of carbon monoxide from Co and from (CO), it is thought 

that up to the thirty minute mark2  the nitrogen evolved is derived from 

adsorbed gas and after the thirty minute mark the gas is derived from the 

thermal decomposition of the organic nitrogen bearing compounds. Thus after 

the thirty minute mark , the similarity of slopes of (i),(ii) and (iii) 

indicate that th)organic nitrogen compounds were effected by the various 

pretreatments to the same degree and the difference in volumes emitted 

is due entirely to the quantities of adsorbed nitrogen removed by the 

pretreatments:However (iv) has a much altered slope compared to (i)2  (ii) 

and (iii) showing that the number of nitrogen bearing compounds haa been 

reduced and as the least stable ones were decorTosed first, the rate of 

release of the Pas from the more stable ones is lower than the rate of 

release of the less stable ones as in (i),(ii) and 

Thus coke contains a certain amount of adsorbed nitrogen. th0 concPntrat ion 

of which can be reduced by vacunm degassing and can be renlace(1 to s 

extent 'by argon. It also contains a tenter nercentaPP of tohemiDalt nitrogen 

the concentration of which can be reduced:by heating. at 150°C, by 30ro. 

This 'chemical! nitre en is thought to exist as cyaniies 2cyanates2  isoa 

nitriles etc. 
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L.  Reaction of hydrogen with salt. 

In the I series of experimentslit was found that when salt was in the coke 

bed, its presence was responsible for a decrease in the amount of hydrogen 

produced from the coke. It was thought that salt was reacting in some 

way , with the hydrogen, thereby reducing its concentration. 

One possible reaction , is that the hydrogen reduces the sodium chloride 

to sodium. The free energy of activation of this process, is large and 

positive, therefore this reaction is unlikely to proceed, if the reaction 

product was liquid sodium at unit activity. However if the sodium activity 

was very much less than unity, then the process may proceed. 

Experiment L1 A Mk II reaction tube containing a 5 cm deep bed of salt 

was heated at 750°C and a flow of dry helium containing 11,500 ppm of 

hydrogen was passed through the bed at this temperature for 24 hours, 

The exhaust gases were periodically analysed for hydrogen and the gases 

were passed through the automatic titrimeter cell. 

Results. The chromatographic analysis of the effluent gases revealed that 

no hydrogen was reacting,However from the burette readings on the titri-

meter it was calculated that 3.4 x 10-6 equivalents of hydrogen chloride 

had dissolved in the cell liquid. From the flowrate of the helium which was 

7.1mVrain it was calculated that the concentration of hydrogen in the gas 

stream leaving the bed should have been reduced by 3 ppm, which of course, 

is outside the limit of detection of the chromatograph. Thus the H2/HC1 

ratio measured over a salt bed in the presence of silica was approximately 

2000:1 at 750°C 

DISCUSSION  

This experiment was performed in order to determine if hydrogen reacted ,.rith 

salt in the presence or silica, since in t1-4.! I qnrie:? of experiments the 

presence of salt in the coke bei redlIced the amount of hydrogen produced 

in both the wet and dry runs. 

It yin.: found from t1,0 ovrerimental results that the H 	CI ratio over salt 

was approximately 20°0:1 at 7'3;0oC. The experiment could not have been 

erformed at 8-0°C since sodium chloride melts at 80 °C 



From the JANAF
02) tables for the reaction :- 

H2 
+ 2 NaC1 	2 Na1 

 + 2 HC1 

A.C. at 750°C is + 104.21 kcal/ 2 moles H01 

hence K aNa x 
2 	P2 HC1 . 0.541 x 1C

r22 assuming NaCl pan = 1 
s 

 

1/  thus 	PHC1   . 0.541 x 10
-22 x PH  x 1/ aaa  

2 

in this experiment PH 	m.  . 0,0115 and P 	. 0.0000077 atmos. 2   

then aaa  = 1.08 x 10-7 

Therefore in this system the silica has apparently lowered the activity of 

liquid sodium by its immediate reaction to a sodium silicate. Indeed when 

the vessel was removed from the furnace there was definite evidence of 

attack on the silica vessel's walls where it had been in contact with the 

salt. 

Considering the I series of experiments, in the first two and a half hours 

the average value of PH  was 0.046 and the volume of hydrogen was reduced 
2 

by approximately 4 ml which gives an average concentration of 0.00167 atm. 

By calculation it can be shown that the activity of liquid sodium in this 

system was reduced to 0.74 x 10-8I therefore the reduction in activity of 

liqad sodiumlfrom being in contact with pure silica to that being in contact 

with the silicates of the ash constituents,was by a factor of 14.6 . 

This seems reasonable-since silica and the silicates are, 'quite  

The free energy of formation of silica at 850°C is about - 165 kcal/mole 

whereas for Na
2
SiO

3 
it is - 58 kcal/mole and for the calcium silicates 

CaSiO
3 , 

Ca
3
S1O

5 
and Ca2SiO4 their values of free energy of formation are 

in the range a 20 to - 30 kcal mole ; the alumino silicate values are even 

smaller.. ( silicate free energies of formation are from the oxides.) 

Therefore the assumptions made in the I series of experiments have been 

vindicated in as much that hydrogen and liquid sodium chloride in contact 

with the silicates of coke ash will generate a small amount of hydrogen 

PH  
2 
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M. Methods of introducing known quantities of cuprous chloride vapour into  

a helium gas flow  

The M series of experiments and tests, were designed to produce a satisfactory 

method .of introducing cuprous chloride vapour into the helium gas flow. This 

Was necessary in order to study the reduction of cuprous chloride on a coke 

bed. 
Experiment M1 A plug of copper wool of approximate weight 15 gms was held 

in a Mk II reaction tube at a temperature of 800°C and chlorine was added 

to the pure dry helium flow to give a concentration of 1000 ppm. The effl-

uent gases were passed over 0.88 ammonia which gives a sensitive reaction 

to the presence of chlorine by producing dense white fumes of ammonium 

chloride. This same procedure was repeated at a temperature of 850°C. 

Results. Although it was discovered that cuprous chloride had been formed 

and condensed in the cooler end of the reaction tube, the reaction was 

incomplete and free chlorine was being detected at both temperatures. The 

cuprous chloride appeared as a white crystalline cubic solid which, on 

exposure to the atmosphere turned colour to light,pale green. It was ass-

umed therefore that there was insufficient contact between the chlorine 

carried in the helium flow at 8 ml/min and the copper wool. 

Experiment M2 A bed of fine copper powder was held in a Mk II reaction 

tube at 800°C in a flow of pure dry helium and then chlorine was introd-

uced into the system to give a concentration of 1000 ppm. The copper bed 

was approximately 5 cm deep and the copper powder was +200 mesh to dust. 

The temperature of the bed was raised to 1000°C after a period of reaction 

at 800°0. The chlorine concentration was now raised to 20,000 ppm in the 

helium flow. It was calculated that the residence time of the gases in the 

bed was less than 10 seconds and was probably about 5 seconds. It was 

difficult to calculate this quantityias the bulk density of the copper was 

'difficult to measure, as it settled differently, according to the degree of 

agitation received. 	 1 

• Results. Free chlorine was detected in all these runs. Even at 1000°C and at 

a concentration of 1000 ppm, chlorine was not reacting quantitatively 
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with the copper bed, and free chlorine was detected. Thus this method of 

introducing cuprous chloride vapour into the gas stream was abandoned, 

The Cuprous Chloride vessel. This piece of apparatus was designed such that 

the helium flow would pass over the surface of liquid cuprous chloride, become 

saturated with the vapour, and then the helium containing the cuprous chic). 

ride vapour , would be passed towards the coke bed. The apparatus was built 

in silica and was named the cuprous chloride vessel.(see figure 3 page 35). 

The method of installation of this vessel into a Mk II tube, is shown in fig. 

23. The sealing system designed allows the copper chloride vessel to be 

raised or lowered in the reaction tube thus the temperature of the cuprous 

chloride is variable up to the temperature of the bed. The temperature is 

measured by a mineral insulated thermocouple of overall diameter of 0.5 mm. 

This thermocouple was not constructed from the usual materials and had a 

kind of Ni/NiCr junctionl.therefore it was calibrated against a Pt/Pt-13ft 

thermocouple. 

This vessel could only be used with either the Mk II reaction tube o a Mk 

III. The only problem encountered with this vessel was that due to the 

fact that since the entry tube into the copper chloride ampule was offset 

the holes bored in the bungs had to be offset and all three items had to 

be correctly aligned when the reaction tubes were being prepared. If they 

were not so aligned either the vessel could not be raised or lowered or, 

more frequently, the copper chloride vessel shattered as the manifold socket 

was finally mated with the reaction tube cone. The method of preparing a 

reaction tube was as follows; the copper chloride vessel,when charged with ma-

terial, had the first rubber bung slid half way down it to below the gas 

inlet slit. The vessel was now slid into a reaction tube and the bung was 

firmly seated to be gas tight in the cone of the reaction tube. The vessel's 

free end was now pushed through the bung in the inlet manifold and this 

was now slid down to mate with the reaction tube.as was explained above, if 

the ampule offset was not aligned with both the bung offsets, it was at this 

point that the vessel broke. However, with increase in use, the breakages 

were fewer and fewer, 
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FIGURE 23 Cuprous Chloride Vessel.  

all measurements in millimetres, made in silica 
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DISCUSSION  

It was hoped, 	.in this series of experiments , that chlorine could be 

passed over copper in a quantitative manner, to produce gaseous cuprous 

chloride. 

The free energy of formation of liquid cuprous chloride at 7500C is - 22 kcal 

/Mole and at 1000°C it is  - 20 kcal/mole thus at these temperatures the 

equilibrium partial pressure of chlorine is of the order of 10 9  atmos. 

Since the partial pressures of chlorine used in experiments M1 and M2 were 

10-3 and 2 x 10
2 
it would be expected that virtually all the chlorine 

would react with the copper. In fact, from the experimental results it was 

found that the reaction of copper and chlorine did not reach equilibrium 

since dense white fumes were noticed when the effluent gases were passed over 

o.88 D ammonia. When 106  atmos. of chlorine were passed over ammonia only 

whispy white fumes were detected. Therefore this system was governed by 

the kinetics of the gas solid interaction. 

The cuprous chloride vessel (see figure 23) was designed to give a controlled 

partial pressure of cuprous chloride at a known temperature. It was decided 

not to bubble helium through liquid cuprous chloride since it was felt that 

the liquid would splash 	, Therefore a stream of hydrogen was directed 

at the surface of the liquid cuprous chloride and the resulting gas mixture 

was then directed downwards again towards the coke bed, The main disadvantage 

of this system is that the temperature of the vapour is not known exactly. 

Ideally the thermocouple should be placed at the top of the exit tube inside 

the ampule. However this would have brought numerous construction difficultie 

Therefore it was decided to measure the temperature of the bulk of the 

liquid cuprous chloride and make a reasonable assumption about the temp-

erature of the vapour. Since the helium gas flow is directed onto the 

surface of the liquid and there is a comparatively large mixing volume 

the reasonable assumption is made that the partial pressure of cuprous 

chloride so generated is the saturation partial pressure. 
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F. Effect of various cuprous chloride vapour _pressures on the reactions of  
coke and water vapour at 750°C., 

It was now decidedto try and ascertain the nature of cuprous chloride reduc-

tion by gaseous hydrogen. To enable the reaction to be studied accurately, it 

was decided to use water vapour-generated-hydrogen, rather than the unsteady 

coke-generated-hydrogen, hence the bed was degassed at 1000°C. 
Experiment N1 	Following the above procedure a Ilk II reaction tube was 

filled with coke to give a bed depth of 5.3 cm. The cuprous chloride vessel 

was filled to the tip of the gas inlet tube with analar material, placed 

in the reaction tube and the inlet manifold was then mated to the reaction 

tube as outlined above. The coke bed was then heated to 1000°C with the 

cuprous chloride vessel retracted to its full limit and dry helium was 

passed through the bed for about 50 hours. The temperature of the bed was 

then lowered to 750°C and helium containing 10,000 ppm of water vapour was 

passed through the bed. The steady state values of the effluent gas concen-

trations were noted as well as the temperature of the cuprous chloride. The 

vessel was now lowered 3 cm into the reaction tube and when a steady. state 

was attained the gas concentration values were noted. The vessel was then 

lowered one centimetre- further into the reaction tube and the steady state 

gas concentrations were noted together with the cuprous chloride temperature. 

This procedure of lowering the vessel a centimetre in an evening and taking 

readings of the effluent gas stream during the following day was repeated 

for ten Consecutive days, the reaction was then terminated. 

Results  The steady state gas concentrations are given in table 8 together 

with  K6 6be/K6 cal°  and the oxygen balance values. It was assumed that 

the decrease in the hydrogen concentration with increase in cuprous chloride 

temperature was due to hydrogen chloride formation only. Thus since the 

oxygen balance figures are consistent with an increase in the reduction of 

water vapour, the value of the hydrogen concentration substituted in.the 

ac and K6 
equations was taken as the difference between the inlet and exit 

water vapour concentrations. From this value of theoretical hydrogen conc-

entration was subtracted the actual values and the resulting values are 

referred to as 'lost' hydrogen. Thus table 8 contains 'lost' hydrogen as 
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CuCl TFNPF2ATURE °C 340 501 530 553_ 580 612 

H2 theoretical' 3200 ppm 3200 ppm 3300 ppm 3400 ppm 3600 ppm 3800 ppm 

H2 actual 3188 	" 3150 	" 3152 	" 3111 	" 3072 	" 3069 	" 

H2 'lost' 12 	" 50 	" 140 	" " 289 " 528 " 731 

water vapour 6400 	" 6400 	" 6300 	" 6200 	" 6000 	" 5800 	" 

carbon monoxide 1747 	" 2060 	" 2134 	" 2154 	" 2232 	" 2508 	" 

carbon dioxide 	• 650 	" 575 	" 575 	" 600 	" 650 	" 650 	" 

oxygen balance 99 % 99 % 100 % 100 % 100 % 100 % 

ac 2.41 x 104  2.91 x 10-4  3.09 x 10-4  3.20 x 104  3.60 x 104  4.56 x 10 41  

K6 obeli% talc 0.141 ' 0.106 0.107 0.113 0.129 0.129 

CuCi TEMPERATURE °C 631 646 658 673 685 699 
I 

H2 theoretical 4000 ppm 4400  ppm 4800 ppm 5300 ppm 5800 ppm 6500 ppm 

H2 actual 2792 	" 2360 	" 2017 	" 1485 	" " 1123 " 650 

H2 'lost' 1208 	" 2040 	" 2783 	"  3815 	" 4677 " 5850 

water vapour 5600 	" 5200 	" 4800 	" 4300 	"  3800 	" 3100 	" 

carbon monoxide -  2890 	" 3502 	" 4136 	" . 	4798 	" 5410 	" 6251 	" 

carbon dioxide 525 	" 420 	" . 350 	" 260 	" 225 	" . 	125 	" 

oxygen balance 100 % 100 % 100 % 100 % 100 %  100 % 

ac 5.64 x 104  8.01 x 104  1.16 x 10-3  1.64 x 10-3 2,35 x 10 3  3.63 x 10-3  

K6 Obs/K6 talc 0,0988 0.0754 0.0652 	- 0,0509 0.0425 0.0318 
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well as the theoretical and the actual values. 

The actual gas concentration values are plotted against the temperature 

of cuprous chloride in figure 24. 'Lost' hydrogen is also plotted against 

cuprous chloride temperature in figure 25. K6  obs/K 6 calm and ac  are plotted 

in log10  form against cuprous chloride temperature in figure 26. The reaction 

tube and the cuprous chloride vessel are shown as they were after the exp-

eriment in plates 1 and 2 respectively. The tip of the cuprous chloride 

vessel has been enlarged - ,. in plates 3 and 4 to show the nature of the deposit 

and the discolouration of the ampule. 

It will be seen from figure 24 that there are three regions of developement, 

firstly the 340°C to 500°C area where the hydogen and water vapour plots 

change very little but since the carbon monoxide plot increases slightly 

the carbon dioxide values fall to keep the mass balance correct. 

In the second regiontwater vapour reduction increases and consequently the 

concentrations of carbon monoxide and dioxide increase/however the actual 

concentration of hydrogen in the effluent gases falls.over 500°C to 600°C. 

The third region shows a rapid decrease in the hydrogen concentration with 

increase in the cuprous chloride temperature from 500°C to 700°C. Over this 

same temperature range the carbon dioxide concentration also diminishes as 

does, the water vapour concentration. The carbon monoxide concentration 

however rapidly increases. 

In figure 25 it can be seen that the 'lost' hydrogen concentration is a 

strong function of cuprous chloride temperature especially at the higher 

temperatures. Thus although from the water vapour and carbon monoxide plots 

of figure 24 it appears that the degree of reduction of water vapour incr-

eases markedly with cuprous chloride temperature, a corresponding increase 

in the concentration of .hydrogen is not noticed in the effluent gases. 

In fact the reverse is observed and the actual concentration decreases 

with increasing cuprous chloride temperature thus giving rise to the rapid 

change of 'lost' hydrogen concentration with temperature. 

The degree of reduction of water vapour , calculated as the apparent activity 
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FIGURE 24 CHANGES IN EFFLUENT GAS COMPOSITION.WITH CuCl TEMPERATURE 
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FIGURE 25 CHANGES IN 'LOST' HYDROGEN CONCENTRATION WITH CuC1 TEMP°, 

Bed temperature 750°C Water vapour concentration 9,600 ppm 
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FIGURE 26 a AND K6 PLOTS AGAINST CuCl TEMPERATURE FOR EXPERIMENT N1 o 1  

Coke bed temperature 7500C Water vapour concentration 9,600 ppm 

Bed depth 5.3cm Helium flowrate 8 al/min Residence time 17 sec 
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of carbon rises rapidly as the copper Chloride temperature increases from 

500°C to 700°C and only confirms the first stage behaviour from 340°0 to 

500
oC as being relatively constant. However the K6 

plots accentuate the 

three individual stages; in the first stage the plotted value gradually 

falls with increasing cuprous chloride temperature, but from 500°C to 600°C 

the plot experiences a minima and begins to rise in value again. However 

at 600°C there is a maxima and the plot diminishes in value at a steeper 

rate than in the first stage. 

In plate 1 it can be seen that there was an extensive deposit of metallic 

copper which extended for twenty centimetres on the silica tube reaction 

vessel walls above the coke bed, and there was a two centimetre gap of 

clear silica between this deposit,  and a small amount of copper deposited 

on the silica wool plug on top of the coke bed. As far as could be seen, 

and by subsequent reaction of the coke with nitric acid, there was very 

little if any copper deposited on or in the coke bed. There was a deposit 

of condensed cuprous chloride at the top of the reaction tube formed by 

cuproud chloride vapour diffusing past the cuprous chloride ampule and 

by being forced back past the ampule every time the ampule was lowered. 

Plate 2 shows that there was copper deposited not only on the underneath 

of the Cu01 ampule but also on the down tube above the ampule. This second 

deposit was thought to be due to hydrogen diffusing back past the ampule 

and reducing the chloride. As on the main reaction.vessel, there was a 

deposit of cuprous chloride higher up the down tube. 

Plate 3 shows that there was some reaction between the cuprous chloride 

and water vapour to produce some copper oxide inside the ampule. Plate 4 

shows that the nature of the deposit on the ampule bottom was twofold. 

The main deposit was a continuous sheet but this was sporadically dotted 

with clusters of dendritic growths. The copper deposit on the reaction 

tube walls was all smooth, continuous, sheet-like foil which in places 

• 	 had become detached from the vessels walls. 
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Below the coke bed there was a deposit of solid cuprous chloride, which can 

be just distinguished in plate 1, about four centimetres above the bottom 

cone joint. In air, both this deposit and the one above the ampule in the 

reaction vessel, are oxidised from white to a green colour. 

DISCUSSION. 

From the A series of experiments , it was found that the deposited copper 

only existed on the coke surfacev and so it came as a surprise,in this 

series of experiments, to find that copper deposition had taken place on 

every surface in the system, except that of the coke. The major difference 

between this series and the A series, is that the helium tlowrate was very 

much lower in this series, and the gas residence time compared to the 

A series, has increased by a factor of 24. Thust although this series resem-

bled a static TORCO system more closely, the non-static A series gave a 

much better type of copper deposition,i.e. on the coke. 

The major finding from this series therefore, is that, in reducing cuprous 

chloride , gaseous hydrogen leads to the non-specific deposition of copper. 

In regard to a TORCO process, this is unsatisfactory. 

The N experiments were the first real attempt at depositing copper on coke 

but as can be seen from plate 1 no copper did deposit on the coke. 

It is thought that since the linear velocity of the helium in the gap 

between the cuprous chloride vessel and the coke bed was 0.2 cm/sec at 

750 75u C, the system can be regarded as almost static, therefore diffusion 

becomes a major influence on the reactions. Since, generally gaseous 

diffusion rates are inversely proportional to the square root of their 

molecular weights, so hydrogen can diffuse some 12 times as fast as cuprous 

chloride trimer vapour. Thus it is supposed that hydrogen diffuses away 

from the coke bed and reduces the trimer on the silica vessel's walls. This 

means that the hydrogen concentration in the coke bed is lowered from its 

steady state value. In a system without cuprous chloride vapourlhydrogen 
• 

diffuses out of the coke bed but also diffuses back in and so keeps the 
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partial pressure of hydrogen leaving the bed constant, however when cuprous 

chloride is reacting with the hydrogen that has diffused out of the bed 

the concentration of hydrogen re-entering the bed falls and so the concen-

tration of hydrogen in the bed,and subsequently the effluent gas stream, 

falls below the steady state value. To try and reinstate the steady state 

more water vapour reacts and as the temperature of the cuprous chloride 

is raised so its vapour pressure increases and so more hydrogen is consumed 

and so more water vapour reacts and the concentration of carbon monoxide 

reflects this increase by itself increasing. 

Since no copper is deposited in the bed it is Vought that the concentration 

of active sites involved in water vapour reduction remains constant and 

the extra water vapour reacting does so at the sites vacated by the desorbing 

hydrogen. Consider water vapour reacting to give hydrogen and carbon mono-

xide only, which then set up a steady state condition between the adsorbed 

and gaseous states. Now if hydrogen is removed from the gas phase by reac-

tion with cuprous chloride then the adsorbtion /desorption steady state is 

upset. More hydrogen is desorbed to try and restore the gaseous concentration 

so generating free active sites. Water vapour reacts with these sites prod. 

• 
ucing mote hydrogen and carbon monoxide and surface oxide Co. Because the 

poisoning effect of adsorbed hydrogen is reduced so the coke surface appears 

to be more active (viz. the increase in a
c). but the same number of active 

sites are involved. The apparent activity of carbon increases because it 

was assumed that the equilibrium constant was unaffected by the presence of 

cuprous chloride vapour and, the value of PH  substituted into the equations 
2 

was the theoretical value calculated from rass balances i.e. the value of 

PIT  if roue was reacting with aurrous chloride. Thus as a. whole,the carbon 
2 

is more reactive:  however if just the bed is considered and the value of 

PH substituted is the actual value leaving the bed, i.e, in a sthidy state 
2 

with the coke surface and instead of n
c 
the concentration of act iv. siten 

• is substiflited, wIginhi by the nhova reasonire- qhould be oonstani:, fhar:- 
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K = -H P 	x P s 	CO 2s-ctu l  

[C fl 
 P 

f 	H2O out 

and so K x C.Pfl 	PR2  actual x PHA  theoretical 

PH 2  0 out - 

o carb assuming that POO actual = PH2 
theoretical i.e. 

nformedon 
 dioxide is 

 

The values of K x B.) fl 	from the experimental results are 1.6, 1.65, 

1.6, 1.7, 1.8, 2.0, 109, 1.9, 1.8, 1.7, 1..6 all x 10-3  over the cuprous 

chloride temperature range of 340 to 699°C Since these values roughly rise 

and fall according to the carbon dioxide production which was assumed to 

be zero, it can be said that the value of K x Wis not signifinantly 

altered during the increasing reaction of water vapour. 

Thereforelas was proposed earlierlthe number of active sites involved in 

water vapour reduction remains largely unaltered and the increase in water 

vapour reduction is due to the releasing of active sites for reaction , 

which were previously occupied by hydrogen. Hydrogen is effectively removed 

from the bed by one way diffusion to meet cuprous chloride which it reduces 

on the nearest surface which happens to be the silica vessel walls and the 

cuprous chloride ampule. 

Carbon dioxide production initially decreases slightly up to about 50000 

this is not really significant since the fall is minimal. It is thought that 

this slight decline is a function of the small decline in the water vapour 

concentration up to this point. After 500°C the reduction of cuprous chl-

oride becomes significant and the water vapour concentration begins to 

fall dramatically. The carbon dioxide concentration however, rises.as the 

concentration of Co and carbon monoxide both rise with the increasing 

• 
	 reduction of water vapour. This confirms earlier assumptions that carbon 

dioxide is formed by the reaction of Co. 	After the 
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• 

temperature of cuprous chloride reaches 600°C the concentration of carbon 

dioxide falls and as the concentration of water vapour approaches zero 

so does that of carbon dioxide. Thus carbon dioxide production appears 

to be a function of water vapour. Previously it was thought that carbon 

■ 
dioxide formation was a function of Co in as much that the concentration of 

Co on the carbon surface has to achieve a certain level before the dioxide 

appears in the gas stream, This still holds true.However the reaction of 

bc; to the dioxide cannot be considered to be totally dependent on the 

gaseous concentration of carbon monoxide. It can be said however, that above 
■ 

a critical concentration of water vapour , Co and the monoxide may react 

to produce the dioxide ; this occurs between cuprous chloride temperatures 

of 500 and 600°C. Above 600°C the critical concentration of water vapour 

has been achieved and now the dioxide production becomes a strict function 

of the water vapour concentration. So as the gaseous concentration of water 

vapour approaches zero so the rate of production of carbon dioxide also 

tends towards zero, This same effect was noticed to a lesser degree in the 

residence time experiments. As the water vapour reduction increased with 

increase in residence time so the concentration of carbon dioxide decreased. 

This action was peculiar to coke only and was attributed to the inhibitive 

catalysis by the ash constituents, of thee iCd and water vapour 	reaction. 

Thus it is possible that carbon dioxide is produced Tatly by the reaction 

of Co and carbon monoxide :- 

Co + CO ---""(002)----'002  + Cf  	(25) & (27) 

This reaction is strongly retarded by some of the ash constituents in coke 

in which case the secondary reaction of Co to CO2  predominates :- 

Co + H2O 	+ H2..,="1".2002  + Cf  + 112 	(26) & (27) 

The retardation of reactions 25 and 27 by ash constituents appears to be 

inhibited by the presence of water vapour,above a critical concentration, in 

the coke bed, or, more likely, that carbon dioxide is produced solely by 

Cothe reaction of Co and water vapour. 
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Since the 'lost' hydrogen has been presumed to reduce the cuprous chloride 

then t- 

-E H2  + 	n Cu 	n HC1 	
 
(3) 

therefore 1 mole of 'lost' H2  . 1 mole (CuC1)2  . 2/3 mole (CuC1)3  etc.- 

The temperature of the ouprous chloride as measured is the temperature of 

the liquid and so the results of this experiment have been lowered by 

two readings wlich is equivalent to taking the temperature of the vapour 

above the liquid surface rather than the temperature two centimetres below 

this point in the liquid. Thus the results for the liquid temperature of 

699oC are taken to be the results for a vapour temperature of 673
0 
 C. This 

procedure implicitly implies that the vapour generated above the liquid 

does not condense as it moves up to the top of the exit tube in the am rule. 

This procedure had to be adopted since the CuCl ampule is lowered into a 

steep temperature gradient inside the reaction tube and so there may be a 

temperature difference of 100°C across the ampule. It is the temrerature 

of the vapour that is really required and rather withdraw the thermocouple 

back by two centimetres where it might be subject to a cooling effect of 

incoming helium it was left at the bottom of the sheath measuring the liquid 

temperatures which are now transposed by two readings to give a more 

accurate value of the vapour temperature. Since no condensed cuprous 

chloride was noticed in the top of the ampule it was decided that the vapour 

went into the super-saturated state before it emerged out of the exit tube 

and so did not condense. This is why it was decided to standardise the 

position of temperature measurement of the vapour at just above the initial 

liquid surface. 

If the lost hydrogen results are plotted as log10P versus 1/T (see fi.o. 26a): 

this gives a Van't Hoff plot which is equivalent to the vapour pressure 

Logi()  PR  (pi:mos) 	- 5,539 x 	+ 3.597 corr.coefl: .99886 
• 

of (CuCl)2 over liquid cuprous chloride. The results were subjected to 

a linear regression analysis and the following equation was derived. :- 



• • 
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To convert this to a trimer equation the lost hydrogen results must be 

multiplied by 2/3 or -0.1761 must be added to the above equation and 

converting to P in mm Hg :- 

log
10
P(CuC1)3 = 

	5,540g 0 + 6.3 t 0,1 ( graphical error) 

Thereforefor (CuC1)3  over the temperature range 700°K to 1000°K this gives 

Allv as 25 kcal /Mole trimer. It is estimated that including the temperature 

uncertainty and the concentration errors this figure is accurate to t 8 %. 

Therefore AEIv 	
25 kcal/mole trimer 1: 2 kcal. 

The JANAF(62)  tables which use the same results to compute their figures 

as were used in the introduction to give a log
10 - 

_ 	values  give :- 

s 
+ 

	P(CuCl)
3 

A H°  = 37.2 - 0.2 kcal/mole trimer and Allm  = 7.3 kcal/mole trimer at 700
°K 

Mi 

vapour pressure of cuprous chloride trimer can be followed by the lost 

hydrogen method. This is confirmed by considering the log P evation 

for the trimer 	T.,as generated from the previous work of six .,uthors 

on the vapour pres:nre of cr-nro's chloride triller,(83,84,85789290:92) 

viz , 
log10   - P (Criel) 11-1 	= 

	5276/T + 6:351 t 0.25 	(3D) 

There were two distinct types of growth of copper; on the silica reaction 

vessel walls and to some extent on the CuCl vessel, there 	a uniform 

flat crystal growth which built up into a smooth sheet. The other type 

was dendritio and was only detected on the underneath of the CuCl vessel. 

It is thought that the nature of the deposits is a fUnction of the rPtio 

of hydrogen to cuprous chloride but as the gas mixing is ooraplioqted by 

diffusion , thermal segregation and natural convection, no rigorous 

attempt will be made to explain the different deposits. 

An experiment was carried out whereby silica wool was held in a dry flow 

of helium and hydrogen . The hydrogen was then removed from the Eas stream 

and just helium flowed through the wool. After five hours the effluent 

gas stream wes analysed for hydrogen, none was present. The bed of silica 1 

therefore AHv 
. 29.9 t 0.2 kcal/mole trimer.(assuming /ix

o  is constant ) 
VOD 

Therefore the agreement with previous work appears reasonable and the 
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was now heated to 1100°C and the effluent gas stream was analysed for 

hydrogen but none was evolved. Thus silica does not adsorb hydrogen in 

great quantities at 750°C ; the temperature at which this experiment was 

carried out. Thus it cannot be the preferential adsorbtion of hydrogen 

on silica that is responsible for the copper depositing on silica. Thus 

it is thought that hydrogen reduces the cuprous chloride on the nearest 

available surface which in this experiment happened to be the reaction 

vessel walls. Cuprous chloride vapour never reached the coke bed since 

hydrogen was diffusing out of the bed faster than cuprous chloride was 

moving towards the bed. It is tentatively. suggested that- the flow pattern 

is as follows ; hydrogen moves up the middle of the reaction tube towards 

the Cal vessel where it mixes with the vapour and together they pass down 

the outside- of the reaction tube. Thus P
H is high in the vicinity of 
2 

the CuCl vessel and low on the walls of the tube. 

As reduction of cuprous chloride by gaseous hydrogen is not desirable for 

a TORCO system, since it leads to non-specific deposition, then an alternative 

source of hydrogen is required. 

It was found in the E series, that water vapour can generate adsorbed hydro-

gen on a coke surface; also in the A series , it was found that coke contains 

inherent hydrogen, which can be driven off by heating to high temperatures. 

These two sources of hydrogen are studied in the following experimental 

series. It was decided to measure the amount of hydrogen that is evolved 

when coke is heated to .1000°C from the reaction temperature. It is realised 

that heating to only 1000°C is a poor method of releasing the hydrogen 

contained on the coke, but this limitation is placed by the silica ware in 

the system, ideally the coke should be heated to 2000°C. 

From the following series , it was hoped to determine how much hydrogen 

stably exists on a coke surface at temperature, and whether water vapour 

can generate similar amounts,as adsorbed hydrogen. 
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O. Quantities of gases held on a coke surface in a dry helium flow, before  

and after reaction with water vapour 

The object of the 0 series of experiments, was to determine the volume of 

hydrogen and carbon monoxide contained on a coke surface, at various temp-

eratures, by heating to 1000°C. It was hoped that it would be possible to 

measure the quantity of hydrogen and Co, contained on a coke surface, during 

reaction with water vapour, by heating to 1000°C. 

Experiment 01 part I 10.5 gms of coke was placed in a Mk II reaction tube 

and was heated to 700°C in a flow of dry helium. The helium flowrate was 

16 ml/min at NTP and after a period of four days at 700°C the concentrations 

of hydrogen and carbon monoxide were minimal ( 20 ppm ). The temperature 

of the bed was then raised to 750°C and the effluent gas stream was analysed 

for C00O2'CH4. and H
2. Readings were taken for seven hours and on the 

following day it was found that the gas concentrations had virtually returned 

to their previous values. 

Part II The bed was then heated to 1000°C and the effluent gas stream was 

again analysed. The helium flowrate was still kept at 16 ml imino 

Experiment 02 parts I and II. In this experiment the procedure followed was 

exactly the same as in experiment 01 except that the bed was initially 

heated to 750°C, then subsequently to 800°C and finally to 1000°C. 

Experiment 03 parts I and II Again the same procedure was followed as in 

experiment 01 but the bed was initially heated to 800°C then to 850°C and 

finally to 1000°C. 

Results 01,02 and 03 part I In figures 27,28 and 29, the concentration 

changes of hydrogen and carbon monoxide are plotted against time. These 

were the only two gases evolved during the whole of the experiment. The 

carbon monoxide concentration values had returned to their previous values 

by the following day so these plots were easily integrated to give a volume. 

However hydrogen was still being evolved after a whole day of reaction but 

its concentration was low ( 70 ppm).Therefore for the sake of simplicity 

• 	 and uniformity the volume of hydrogen produced after the 25 hour mark was 

not taken into account and the plot was merely integrated up to this point. 
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FIGURE 28 CONCENTRATION versus TIME for EXPERIMENT 02 
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FIGURE 29 CONCENTRATION versus TIME for EXPERIMENT 0 
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Thus.  for a 506C temperature rise from 700°C,750°0 and 800°C the values 

quoted in figures 27,28 and 29 are taken to represent the total volumes 

of hydrogen and carbon monoxide displaced by this temperature rise. The 

error in these figures was estimated to be t 2% for carbon monoxide and 

,4 
- 570 for hydrogen. 

For hydrogen evolution it can be seen that there was a rapid rise in its 

concentration upto the one hour mark and after this point, where a maximum 

was attained, the plot gradually decayed with time. Similarly for carbon 

monoxide evolution there was a rapid initial rise in its concentration which 

then fell away with increasing time. 

No methane or carbon dioxide was detected at all during all these exper-

iments. 

01,02 and 03 parts II  The results were initially plotted as concentration 

versus time and as it was apparent that gas evolution was virtually complete 

after five hours, the plots were each integrated upto this point and the 

volumes emitted are plotted against time in figures 30, 31 and 32. It 

can be seen from these plots that carbon monoxide evolution is completed 

after about ninety minutes. Similarly methane production had ceased after 

one hour. Hydrogen was still being prodtced even after two days at 1000°C 

however its concentration was only 120 ppm. 

Ali the bulk of the hydrogen was evolved during the first five hours at 1000°C 

the figure for total volume evolved has been taken as the five hour figure. 

The volume ratio of hydrogen to methane rises over the three experiments 

from 110:1 through 147:1 to 437:1 for 01,02 and 03. The hydrogen to carbon 

monoxide volume ratio falls from 4.35:1 to 3.46:1 to 2.54:1 for 01,02 to 03. 

A comparison of the results for both parts of the experiments can be made 

by taking the results of the 750°C to 1000°C experiment and comparing them 

with the sum of the 750°C to 800°C and the 800°C to 1000°C experiments and 

with the sum of the 750°C to 800°C and the 800°C to 850°C and the 850°C to 

1000°C experimental results. These calculations together with the % 

differences are shown in table 9, 
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FIGURE 30 VOLUME EMITTED versus TIME for EXPERIMENT 01 
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FIGURE 31 VOLUME EMITTED versus TIME for EXPERIMENT 02 
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FIGURE 32 VOLUME EMITTED versus TIME for EXPERIMENT 03 

Bed weight 10.5 gms Helium flow 16 ml/min 

Temperature rise 8500C to 10000C 

ml at 

NTP 

A HYDROGEN after 5 hours 9.75 ml 

() CARBON MONOXIDE after 5 hours 3.44 ml 

X METRANE after 5 hours 0.02 ml 
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Temperature rise °C H2  ml at NTP CO ml at NTP 

750 - 1000 47.13 10.43 

750 - 800 - 1000 44.36 ( -6%) 10.36 ( -2'%) 

750 - 800 - 850 - 1000 42.30 ( -10%) 10.37 ( -2%) 

TABLE 9 

The error calculated from the experimental results and on graphical inte-

gration was I 2% for carbon monoxide and ± 5% for hydrogen. Thus it can be 

said that the summation results for carbon monoxide agree within experim-

ental error however, the hydrogen resultsIdeviations are outside the error 

range. This would be expected since a major source of error, not considered 

in the errorsvmmations, was introduced when it was assumed that hydrogen 

production was completedlin five hours for the second part results and in 

twentyfive hours for the first part results. 

Experiment 04   A 10.5 gm bed of coke was heated to 1000°C in a dry helium 

flow of 16 ml/min at NTP. After four days at 1000°C the effluent gases 

consisted of hydrogen (20 ppm ) and carbon monoxide (50 ppm). The temp-

erature of the bed was then lowered to 700°C and the dry helium flow was 

replaced by a flow of helium containing 1,1 water vapour also at a flowrate 

of 16 ml/min. The system was allowed to come to a steady state over a 

period of twenty four hours then the flow of water vapour containing helium 

was replaced by the initial dry helium flow. This dry helium was passed 

through the coke bed for another twenty four hours by which time there was 

no detectable amounts of hydrogen or carbon monoxide in the effluent gas 

stream. The bed temperature was then raised to 1000°C and the exhaust 

gas stream contents were analysed. 

Experiment 05  The procedure followed was exactly the same as in experiment 

04 but the temperature at which water vapour was allowed to react was 750°C. 

Experiment 06 Again a similar procedure was followed as in experiment 04 

but 800°C was the temperature at which water vapour was allowed to react 

with the coke bed. 
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Results. The plots of volume emitted against time are shown in figures 

33,34 and 35 for experiments 04,05 and 06. Since the major concentration 

changes occurred within the first two and a half hours of reaction, the 

concentration versus time plots were only integrated upto this time. 

In all three experiments neither methane nor carbon dioxide was detected. 

The most noticeable result was that, contrary to experiments 01,02 and 031  

more carbon monoxide was evolved, on heating to 1000°C,than was hydrogen, 

after reaction with water vapour at a lower temperature. However, .similar to 

experiments 01,02 and 03,the ratio of carbon monoxide to hydrogen rises 

as the temperature rises from 4.186:1 to 4.381:1 to- 4057:1 for experiments 

04,05 and 06. The volumes of hydrogen and carbon monoxide evolved do not 

decrease with increasing temperature of reactiontas in the previous runs, 

but rise and then fall. (see table 10). 

TABLE 10 

.700°C (04).  750°C (05) 800°C(06) 

Carbon monoxide 8.85 ml 12.12 ml 10,74 ml 

Hydrogen 2.11 2.77 	" 2.35 	" 

CO2 4.19 4.38 4057 

The plots of volume of gas evolved versus time are similar in nature to 

the previous plots for experiments 01,02 and 03 in as much as carbon 

monoxide evolution is virtually complete within the first hour at 1000°C 

and there is very little evolved after this time,compared to the volume 

evolved during the first hour. Hydrogen evolution is much more gradual, its 

pkoduction is more continuous and steadys although the rate of evolution 

decreases with time. 

This suggests that the sources of hydrogen are metastable, and as such, the 

release of hydrogen gas is mainly a function of time held at the degassing 

temperature. However , the source of carbon monoxide, is more stable , since 

its release is strictly a function of the temperature rise, to which the 

coke has been subjected. 

• 
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FIGURE 33 MUME EMITTED versus TIME for EXPERIMENT 04 
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FIGURE 34 VOLUME EMITTED versus TIME for EXPERIMENT 05  
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FIGURE 35 VOLUME EMITTED versus TIME for EXPERIMR1T 06 
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DISCUSSION  

Although these experiments were designed to detect the amounts of hydrogen 

and carbon monoxidelthat are contained on a coke surface before and after 

reaction with water vapour, it is obvious from the experimental results, that 

heating to 1000°C was not a suitable method of releasing the contained gases. 

It must be realised that the quantities of gases measured,specifically refer 

to the amounts of gases that are unstable at 1000°C, and that the total 

quantities of gases that are contained on a coke surface vat the reaction 

temperatures, may very well be much greater in volume, 

Even so, the results of this series of experiments are still important. 

Generally it was found that the sources of carbon monoxide are much more 

stable with temperature, than are the sources of hydrogen. Also, the ratio 

of evolved hydrogen to evolved carbon monoxide, from an untreated coke, is 

of the order of four to one. This ratio, from the water-vapour-treated-coke, 

is reversed and so the ratio of hydrogen to carbon monoxide is now one to four 

Also, untreated coke releases at least eight times as much hydrogen, as does 

water vapour-treated-coke. 

Thus, as regards the better source of hydrogen on a coke surface, untreated 

coke is far more suitable than coke which has been degassed at 1000°C, and 

then reacted with water vapour. 

From experiments 01,02 and 03 it was seen that the volumes of hydrogen and 

carbon monoxide which were driven off by heating.to 1000°C, decreased with 

an increase in the annealing temperature. Also with increasing temverature 

the sources of carbon monoxide became relatively more stable than the sources 

of hydrogen since the ratio of hydrogen evolved to that of carbon monoxide 

decreased with increasing temperature. Methane production, whether by 

reaction of hydrogen with coke or by the decomposition of hydrocarbon group-

ings on the coke surface, decreased substantially with increasing temperature 

From table 9 it will be seen that as the volume of carbon monoxide emitted 

• 	by step heating to 1000°C is the same, within experimental error, as the 
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volume emitted by continuous heating to 1000°C, this suggests that the 

volume of carbon monoxide evolved is principally a function of the temp-

erature range over which the sample was heated and not a function of time 

held at a certain temperature. From figures 30,31 and 32 it will be seen 

that carbon monoxide production is very soon complete at 1000°C, irrespective 

of starting temperature.Also in the 50°C rise experiments, carbon monoxide 

production was complete long before that of hydrogen. Thus it is suggested 

that above 700°C the retention of 'oxygen' on a coke surface is semi - 

quantised, that is , after a certain temperature rise a fixed quantity of 

carbon monoxide will be principally evolved and the subsequent rate of 

production of carbon monoxide at temperature is definite but very small. 

Earlier it was proved that the surface oxide
r 
 Co

I 
 was more stable on a coke 

surface than adsorbed carbon monoxide, therefore it is proposed that the 

monoxide produced in these experiments is the product of the thermal decomp-

osition of(CO to adsorbed carbon monoxide which is then desorbed. 

These quantised units of'CO do not all exhibit the same degree of thermal 

stability nor are there equal numbers in each unit of the same degree of 

thermal stability. For any temperature rise some monoxide is produced but 

the quantity generated by a 50°C rise depends on the initial temperature. 

Thus there are more quantised units liberated on heating from 750 to 800°C 

than there are when heating from 700 to 750°C or from 800
o
C to 850

o
C. When 

heating from 700°C to 1000
o
C , of the total volume liberated by the full 

temperature rise, 14% is produced in the first 50°C, 56% in the second, 

tyro in the third and the remaining 200 is produced in the last three 50°C 

temperature rises. 

The question of hydrogen evolution'is completely different.From earlier 

experiments it was found that adsorbed hydrogen was much more unstable on 

a coke surface than was Co at these temperatures.These experiments show 

that more hydrogen is evolved on heating annealed coke from its annealing 

temperature to 1000°C than is carbon monoxide. Therefore to conform with 

previous thinking, the hydrogen contained on coke at these temperatures 
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cannot be derived purely from adsorbed hydrogen. Thus it is suggested 

that hydrogen is present as hydrocarbons which are metastable at these 

temperatures. Hydrogen production is due to 1, the rapid thermal decay of 

the least stable of these hydrocarbons 2, the desorption of any adsorbed 

hydrogen plus 3, the slow decay of the more stable hydrocarbons at temper-

ature. Therefore as the hydrogen volume produced by any set temperature rise 

is subject to the time spent at the final temperature , integration of 

the concentration versus time plots is a major source of error in the 

calculation of the total volume. These plots should be integrated to infinit 

rather than the twenty-five hour and five hour marks as was done in exper-

iments 01,02 and 03 parts one and two. 

One further point should be noted in respect of these metastable hydrocarbons 

and this is that each particular hydrocarbon changes from metastable to 

totally unstable over a very small temperature range. .Thus one particular 

hydrocarbon or hydrocarbons , which are responsible for about half the 

hydrogen produced when coke is heated from 700°C to 1000°C,become unstable 

somewhere betweeft 750°C and 800°C. Thus there are several types of hydro-

carbon on the coke surface, in various proportions, and each one has a 

different temperature at which it becomes unstable and cracks to hydrogen 

and in some cases at the lower temperatures, to methane. 

It is not suggested that the volumes of gas evolved on heating to 1000°C 

are the total volumes of gas contained by the coke. It is quite conceivable 

that there are species of Co and hydrocarbon which are perfectly stable at 

1000°C. 

In experiments 04,05 and 06 it is assumed that during the steady state 

reduction of water vapour, the coke surface contains the steady state 
r 

quantities of Co and (H2) and when the water vapour is removed from the 

system, some Co and (H2
) are desorbed but there remains on the coke surface 

a stable concentration of these two species which may be indicative of 

• 
	 the steady state quantities.It is also assumed that when the coke was 
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heated at 1000°C for four days, all the Co and hydrocarbons which were 

unstable at that temperature have been desorbed. 

The results confirm the earlier findings that adsorbed hydrogen is much 

less stable than Co and as the temperature increases the difference in 

respective stabilities increases since the ratio of volumes of carbon mon-

oxide to hydrogen increases with temperature. The actual volumes evolved 

rise and fall from experiment 04 through 05 to 06. This is because not only 

are the quantities of carbon monoxide and hydrogen evolved on heating 

indicative of the quantities stable during the steady state, and hence 

should increase with increasing reaction temperature, but also they are 

indicative of the quantities that are desorbed when the water vapour is 

removed from the gas stream or conversely,the quantities that are stable 

at each temperature. Thus at 800PC more active sites are taking part in 

the water vapour reduction than are taking part at 700°C hence the steady 

Costate concentrations of o and (H2
) are higher at the higher temperature. 

r 	I 
However at the higher temperature, in the absence of water vapour, Co and 

(H
2
) are less stable on the coke surface than they are at the lower temp. 

erature. Therefore a plot of carbon monoxide and hydrogen evolved on heating 

the dried bed to 1000°C versus temperature, is a combination of the plot 

of the amount of Co and (H2
) generated on the coke surface at the reaction 

temperature from water vapour and the plot of the amounts of hydrogen and 

Co that are stable in a helium flow at each temperature. Figure 35a shows 

this more clearly and so below about 750°C,generation is the controlling 

factor and above about 750°C,stability is the predominant consideration. 

By drawing up a table of the volumes of gases liberated by heating to 1000°C 

after the two pretreatments,(1, degassing at the required temperature and 

2, degassing at 1000°C, reaction with water at the required temperature;) 

fee table 11, it can be seen that above 750
oC there is more Co generated 

by water vapour that is stable at temperature than the inherent Co on the 

untreated coke. This suggests that the nature of Co generated by water 

vapour is different to that already existing on coke. Since it has been 
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TABLE 11 

ml of gas evolved when heating 

10.5 gms of:- 

to a temperature 

of 1000
o
C 	from :- 

H
2 

CO CH 
4 

untreated coke 700°C 56.7 11.9 0.9 

degassed coke after reaction 700°C 2.11 8.85 0 
with H2O at temperature then 
dried at same temperature 

untreated coke 750°C 47.1 10.4 0.4 

degassed coke after reaction 750°C 2.77 12.1 0 
with H0 at temperature then 

2 
dried at same temperature 

untreated coke 800°C 16.3 4.60 0.1 

degassed coke after reaction 800°C 2.35 10.7 0 
with H0 at temperature then 

2 dried at same temperature 

stated earlier that Co stability is quantised then it follows that at 

750°C and above, the Co generated by water vapour_ contains more 'cc; types 

which are stable at temperaturepthan are inherently contained in untreated 

) 
coke. However below 750

oC , water vapour does not generate as much Co stable 

at temperature, as there is in untreated coke. 

The hydrogen evolved when heating treated coke to 10000C can only be 

derived from adsorbed hydrogen, however on the untreated coke there are 

metastable hydrocarbons which are responsible for the bulk of hydrogen 

contained on untreated coke. Even at 800°C, there is seven times more 

stable hydrogen as hydrocarbons on the untreated coke, than can be gener-

ated by reaction with water vapour at the same temperature. 

Methane production must come from the incomplete cracking of these unstable 

hydrocarbons on heating since the water vapour experiments did not generate 

any methane at all. Therefore methane adsorbed on a coke surface at temperat 

urea of 700°C and above is unstable and it is only contained on coke at 

these temperatures in a hydrocarbon form bonded to the coke surface. 

Thus for purposes of cuprous chloride reduction by hydrogen the untreated 
• 

coke is by far, more suitable than coke being reacted with water vapour 

because the former contains much more hydrogen. 
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P. Reduction of cuprous chloride vapour on a coke surface by hydrogen  

It was shown in the previous experiment that, although water vapour did 

generate adsorbed hydrogen on a coke surface, the amount was small compared 

to that alreadylinherently contained on the coke surface. Thusluntreated 

coke was a better source of surface hydrogen,which was available for cuprous 

chloride reduction. 

The aim of the P series of experiments,was to study the nature of cuprous 

chloride.reduotion by the inherently contained hydrogen, on a coke surface. 

In the N series of experiments it was found that back diffusion of hydrogen 

was responsible for the non specific reduction of cuprous chloride vapour. 

The MkIII reaction tube was specially designed to counteract this back-

diffusion. Just above the coke bed, there was a constriction in the reaction 

tube. When the helium and cuprous chloride passed through this restriction, 

it was hoped that the increased linear flowratel  would prevent hydrogen 

from diffusing back towards the cuprous chloride vessel. 

A preliminary experiment was performed, duplicating the experimental proced-

ure of experiment Ni, but a Mk III reaction tube was used instead of the 1c II, 

Back diffusion of hydrogen was prevented, but the water vapour in the system 

was found to have reacted with the liquid cuprous chloride. 

The remaining experiments in this series were therefore,performed in totally 

dry system% There was no degassing of the bed,and it was hoped that the 

hydrogen chloride,generated from the cuprous chloride reduction, would give 

a better indication of the amount of stable hydrogen, that existed on a coke 

surface at the reaction temperatures. 

It was also decided to employ one specific vapour pressure of cuprous chloride 

and it was hoped that this would be quantitatively reduced by the surface 

hydrogen at each temperature of the bed. 

Eperiment P1 A 10.5 gm bed of coke was held in a Mk III reaction tube 

at 1000°C for five days until the concentrations of hydrogen and carbon 

monoxide were minimal (less than 20 ppm). The temperature of the bed was 



(153) 	• 

then lowered to 750°C and water vapour was introduced into the gas stream 

to give a concentration of approximately 1% in the helium flow of 16 ml/min 

A previously prepared ampule of cuprous chloride was now lowered into the 

reaction tube at a rate of a centimetre a day. Readings of the effluent 

gas stream were taken and these product gases were also passed through 

the cell of the automatic titrimeter for hydrogen chloride analysis. After 

five days and five centimetres the ampule was, lowered another five centi-

metres into the reaction vessel and the product gases were .analysed. 

Results Experiment P1 was an attempt to duplicate experiment N1, but, 

by using a Mk III reaction vessel and by doubling the helium flowrate, it 

was hoped that the back diffusion of hydrogen and its subsequent reaction 

with cuprous chloride on the CuCl vessel and reaction vessel walls would be 

stopped. 

The initial results at the lower temperatures of cuprous chloride, compared 

favourably'with those of N1, but at the four and five centimetre marks, 

the initial raising of the cuprous chloride temperature was accompanied 

by a surge in the concentrations of hydrogen and carbon monoxide and these 

concentrations diminished with time and did not reach a steady state as in 

experiment N1. The hydrogen concentration usually reached zero but the 

concentrations of carbon monoxide and carbon dioxide gradually decreased 

with time at a steady cuprous chloride temperature. Similarly the concen-

tration of hydrogen chloride also gradually decreased with time. When the 

CuC1 vessel was lowered by a further fi've centimetres, again there was a 

surge in the concentrations of all gases this time i.e. H2
1CH

41
C0
'CO2 and 

HC1. Hydrogen again decreased to zero fairly rapidly (in an hour) and the 

concentrations of all the other gases gradually diminished with increasing 

time. Table 12 shows the instantanious gas concentrations in the effluent 

gas stream during the day after the full five centimetre lowering. 

Table 12 also shows the value of'lostthydrogen as calculated from figure 25 

for experiment Ni, at this temperature (656°C) of cuprous chloride. It was 
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assumed from the quantitative reduotion of water vapour that :-

ppm 'lost' H2 
m ppm CO + ppm CO2

x2 

Water vapour cannot be included in this table since its concentration was 

continually changing and for reasons explained earlierla changing water 

vapour concentration cannot be accurately followed, however it was of the 

order of 6,000 ppm. 

TABLE 12 (cones. in ppm) 

When the reaction vessel and the CuCl vessel were removed from the furnace 

it was found that copper had deposited on the upper surface of the coke 

bed as a sort of 'crust', and on further examination it was found that there 

was very little if any copper deposited in the bulk of the coke. There was 

an extensive deposit of copper on the silica vessel walls above the coke 

bed but below the restriction. However there was no deposit below the CuCl 

vessel and the restriction. Therefore it was assumed that there had been 

no back diffusion of hydrogen up the narrow part of the Mk III reaction 

vessel. The CuCl vessel contained large amounts of black and red denosits 

of copper oxides, much more than was found in the N1 experiment. There was 

a deposit of a white solid below the coke bed but above the tar deposits i.e 

at a higher temperature. This was found to be cuprous chloride and on exposure 

to air it turned to green. It was the build up of this deposit which so 

increased the pneumatic resistance of the system that the reaction had to 

be terminated. 

It was thought that water vapour was reacting in this experiment with the 
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liquid cuprous chloride to give copper oxides, this reaction must also have 

occurred in experiment N1 but not to the same large extent. Also it was 

apparent that copper was mainly depositing on previously deposited copper. 

Thus it was decided to repeat the experiment but in a totally dry system 

and with no detassing of the coke bed at 1000°C. 

Experiment P2 A 10.5 gm coke bed was held in a Mk III reaction tube at 

750°C for four days it a dry helium flowrate of 16 ml/min. After this time 

when the concentrations of hydrogen and carbon monoxide were minimal a 

previously prepared CuCl vessel was lowered nine centimetres into the 

reaction vessel when its temperature was 646°C. At this temperature of liquid 

cuprous chloride the 'lost' hydrogen concentration was 1980 ppm according 

to experiment N1, which in turn is equivalent to a concentration of cuprous 

chloride vapour (trimer) of 1320 ppm. ( from figure 25 page 120) 

The concentration changes in the effluent gas stream of the product gases 

CO3CO2,H2ICH4  and HCl were followed, for a period of several days until 

all had returned to virtually zero (less than 20 ppm). 

Experiment P3 The procedure was followed as outlined in P2 except that 

the bed temperature was set at 800°C and the cuprous chloride vessel was 

lowered into the reaction tube until its temperature was 646°C.i.e. the 

same Cuel temperature as in P2 but the Cuel vessel did not have to be 

lowered into the reaction tube as far as was done in P2, 

Experiment P4  A similar procedure was followed as in experiment P3 except 

that the bed temperature was 850°C but the cuprous chloride temperature 

was still kept at 646°C,. 

Results For experiments P2,P3 and P4 the concentrations in the exhaust 

gas stream are plotted against time for the first seven hours of reaction 

in figures 36,37 and 38 respectively. 

There was an initial delay in the appearance of hydrogen chloride and it is 

thought that this was due to a certain amount of adsorbtion of that gas on 

the glass and steel pipework leading to the titrimeter cell. Thereafter it 

was found that the concentration plot of hydrogen chloride was constant to 
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FIGURE 36 PLOT OF CONCT.NTRATION VERSUS TWF! TICR EKPEnZNT P2 
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FIGURE 37 PLOT OF CONCENTRATION VERSUS TIME FOR EXPERIMENT P3 
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FIGURE 38 PLOT OF CONCENTRATION VERSUS TIME FOR EXPERIMENT P4 
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+  2/o e for five days in each experiment then it gradually fell over a period 

of two days to zero. The gaseous hydrogen concentration plots were initially 

high but they all fell away to zero during the second day of reaction. 

Methane production, if any, was usually complete within two hours. The 

carbon monoxide concentrations were initially very high indeed in each 

experiment, then they decreased exponentially to zero over the same period 

of time as it took the hydrogen chloride concentration to reach zero. 

Each plot was completely integrated and the volumes quoted on figures 36, 

37 and 38 are the total volumes of each gas evolved together with the time 

taken for its concentration to reach zero. The results are summarised in 

table 12. 

TABLE 13  

Temp.°C HCI ml HC1 ppm H2  ml CO ml CH
4 
ml total H2 ml (CuCl) 	ppm 

.750 421.3 3955  28.1 156.6 0.7 238.9 1320 

800 '269.5 2433 19.2 131.4 0.01 154.0 ,, 

850 88.8 817 5.9 109.2 0 50.3 

It can be seen that in going from 750°C to 850°C, the amount of carbon 

monoxide released is reduced by 30% but the amount of hydrogen released 

has decreased by 80,ro. This again suggests that 'oxygen' on a coke surface 

is more stable at higher temperatures than is 'hydrogen'. It is suggested 

that the carbon monoxide liberated is derived from the surface oxide Co, 

and that the hydrogenlas hydrogen chloride and hydrogen gas, is derived 

from the residual volatile matter that is metastable at each temperature. 

A surprising result is that the cuprous chloride is not quantitatively 

reduced at each temperature, if it were the partial pressure of hydrogen 

chloride evolved would be 3960 ppm. At 750°C, within experimental error, 

this is so. However at 800°C the value of PHC1 falls to 2433 ppm and at 

. 850°C it is further reduced to 817 ppm. This suggests that the activity 

or the equivalent partial pressure of hydrogen on the coke surface decreases 

• 
	with increasing temperature. 
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In all experiments, no carbon dioxide was detected. 

The weight of the coke bed in experiment P2 was initially 10.5003 gms. The 

weight of the coke bed plus the deposited copper after the experiment was 

11.5026 gins, the weights of carbon monoxide and hydrogen lost from the coke 

were 0.1957 and 0.0213 gms. The observed weight of copper in the coke bed 

is therefore 11.5026 - 10.5003 + 0.0213 	0.1957 = 1.2193 ems. The weight 

of copper calculated as being derived from the reduction of cuprous chloride 

to hydrogen chloride is  421.3  x 63,54 = 1.1951 gms. 
22,400 

The difference between the two results expressed as a percentage error of 

the observed weight of copper is -2%. This error could come from the 

integration of the concentration plots for HC1,H2  and CO.. 

Similar errors were observed for experiments P3 and P4, -  0.0153  x 100 = -2% 

and +  0.0050  x 100 = +2%. respectively, 
	0.7644 

0.2519 
The copper was deposited throughout the bed in each case. The copper deposit 

was nodular and very small. These nodules were difficult to see with the 

naked eye but under the microscope it appeared as if each coke particle 

was partially covered with small flat spheroids of copper. 	At a 

magnification, of x500, the particle diameters were estimated to be 

0.0004 cm actual size. 

In the bulk of the coke there was no evidence of any filament type of 

growth. On the top of the coke bed there was a small 'crust' of copper 

deposited on copper. There was no copper deposited on any of the silica 

vessels' walls. In all cases there was a deposit of cuprous chloride 

below the coke bed, also there was a deposit above the cuprous chloride 

vessel where the vapour had diffused back past the ampule. There was 

no evidence of any oxides having been formed in the cuprous chloride 

vessel. Also there was no reduction of cuprous chloride vapour on the 

walls of-the silica reaction vesselseither above the coke bed or below it. 

There was a deposit of cuprous ohloride,below the coke beds in experiments 

P2,P3 and P4, where unreduced cuprous chloride had condensed, 

• 
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DISCUSSION  

The object of the P1 	experiment was to repeat experiment N1 but, by 

using a Mk III reaction tube and by doubling the flowrate it was hoped 

to prevent back diffusion of hydrogen. 

It was found after the experiment that the deposition of copper took three 

forms, 1, a deposit of copper on the coke, 2, a deposition on the silica 

vessel walls and on the silica wool plug on top of the coke and 3, a depos-

ition of copper on copper (both on the coke and silica deposits). The latter 

form was the most predominant. 

It is thought that at very low partial pressures of cuprous chloride, the 

vapour was reduced by the hydrogen that had diffused into the gap above 

the coke bed but below the restriction. The deposit was smooth sheet-like 

on the reaction tube walls but was of a dendritic nature on the silica wool. 

As the vapour pressure increased the cuprous chloride was not completely 

reduced in the gap above the coke and so reached the coke bed where it was 

reduced. Where the copper had been reduced on the coke surface by hydrogen 

there was a crust of copper deposited on copper, this deposit was of a 

platelet and dendritic type. 

Each temperature rise of the liquid cuprous chloride was accompanied by a 

shortlived surge of carbon monoxide and hydrogen gas. It is suggested that 

this is due to the reduction of copper on the coke surface by the adsorbed 

hydrogen and this copper in replacing the hydrogen disrupts the C-C bonding 

surrounding this site sufficiently to dislodge any nearby adsorbed gases. 

When there is enough copper on the coke surface to reduce the incoming 

cuprous chloride by its own adsorbed hydrogen then copper deposition on 

coke ceases and copper deposits on copper. The hydrogen necessary for 

this reduction is produced on the coke by water vapour reduction and it 

then migrates down the chemical potential of hydrogen to the copper surface. 

The dislodging of the adsorbed gases now ceases and the lost hydrogen as 

calculated from [CO 2.0O2  - actual 
H2] 

 becomes equivalent to the hydrogen 

chloride and hence to cuprous chloride. When copper deposits on coke it 
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replaces hydrogen that has already been formed and no increase in the rate 

of water vapour reduction should be detected and so the rate should remain 

at the pre- CuCl temperature increase level. (This could not be detected 

since the surge of desorbed gases obscured this) However when copper deposits 

on copper the hydrogen required is derived from an increase in the rate of 

water vapour reduction and at a steady vapour pressure of cuprous chloride 

the water vapour reduction rate should increase to supply the necessary 

hydrogen and then should achieve a new steady state rate. 

In the later stages of this experiment a steady state rate of water vapour 

reduction was not achieved and the product gas concentrations all fell with 

time. It is suggested that at a steady temperature of cuprous chloride the 

vapour pressure of the vapour decreased with time, thus requiring less 

hydrogen and so the water vapour reduction decreased. The vapour pressure of 

cuprous chloride decreased because water vapour was reacting with the,liquid 

and gaseous chloride producing the oxide. This reduces the activity of 

the liquid cuprous chloride and hence its vapour pressure reduces as the 

concentration of oxide increases. It is presumed that this reaction is 

strongly retarded by hydrogen since in experiment N1 the oxide formation 

in the CuCl vessel was minimal. 

The calculated vapour pressure of cuprous chloride trimer at this temperature 

of the liquid from the lost hydrogen plot in figure 25 is 1666 ppm, the 

ppm of hydrogen chloride expected from the total reduction of 	this 

cuprous chloride is 5000 ppm. The ppm actually measured for this experiment 

was higher than this value so it was a reasonable assumption that cuprous 

chloride was reacting in another way, producing the extra hydrogen chloride. 

It is assumed that water vapour reacts with both the liquid and gaseous 

cuprous chloride depositing cuprous oxide on the liquid surface and on the 

vessel walls. It is the dissolution of the oxide in the liquid that is 

responsible for the reduction in its activity. Thus cuprous chloride 

• 
vapour in equilibrium with the liquid containing oxide, and hydrogen chloride 

leave the CuCl vessel and pass down to the coke bed. From the JANAF
(62) 
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tables for the reaction :- 

2(CuC1)3  + 3 H2O ..v.===?.t. 3 cu20 + 6 EC1 

the equilibrium partial pressure of hydrogen chloride generated at 656°C 

is approximately 600 ppm, and for the reaction with liquid cuprous chloride 

the value is slightly less at 400 ppm. However the measured value ( PHC1 m  

2 lost H2
) is approximately 3700 ppm. Therefore this analysis is in error 

by a factor of six. The considered sources of error, experimental readings 

and JANAF accuracy cannot account for such a large discrepancy. It was 

considered that above liquid cuprous chloride at this temperature that 

the vapour phase was the trimer. From experiment El it was found that 

assuming the trimer to be present, the experimental results were in good 

agreement with previous work. Thus it must be accepted that in a helium 

gas flow the trimer is the stable species of cuprous chloride vapour. 

However if cuprous oxide dissolved in the liquid cuprous chloride, then 

the activity of cuprous oxide relative to pure cuprous oxide,would decr-

ease dramatically. Thus the above equation would lie more to the right 

than it would do according to cuprous oxide activity being equal to unity. 

Thus the partial pressure of hydrogen chloride would increase and the 

partial pressure of water vapour in equilibrium with the new system would 

decrease. Therefore the partial pressure of water vapour reaching the 

coke bed would decrease with time as more reacts with the liquid cuprous 

chloride. Since the partial pressure of water vapour reaching the coke 

decreases with time then the availability of hydrogen decreases and so 

lost' hydrogen may decrease. Also since the activity of liquid cuprous 

chloride is decreasing so the vapour pressure decreases and so less 

hydrogen is required to reduce it, this also lowers the 'lost' hydrogen. 

The falling concentration values of the product gases were not observed 

in experiment Ni and the only difference between the two experiments 

was that in N1 hydrogen diffused upto and into the CuCl vessel since there 

• 

	

	
were small copper deposits in the CuCl ampule. Thus it is assumed that the 

presence of hydrogen strongly retards the reduction of water vapour by 
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the liquid cuprous chloride. 

The total mass balance for hydrogenlincluding hydrogen chloride and the 

water vapour concentrations in and out of the system is consistent with 

all the hydrogen chloride being derived from water vapour and none being 

formed from hydrogen remaining on the coke surface after the degassing at 

1000°C. 

As the vapour pressure of cuprous chloride reaching the coke falls with 

time so the degree of water vapour reduction also decreases. However the 

ratio of carbon monoxide to dioxide is not constant as rate of reduction 

decreases, so it is presumed that as copper deposits on copper on coke 

this alters the surface nature in a way such that the formation of carbon 

dioxide is preferred to the formation of monoxide from water vapour. 

The disadvantages of experiment P1 were that the presence of water vapour 

disrupted the equilibrium concentration of cuprous chloride vapour andi more 

important, the gaseous hydrogen generated from the water vapour reduced the 

chloride on any solid surface present,not necessarily on the coke or the 

copper on the coke. Thus the partial pressure of hydrogen was too high 

and so there was no Selective deposition of copper on the coke. 

Experiments P2,P3 and P4 were therefore performed in the absence of water 

vapour and, in order to study the copper deposition from the hydrogen 

inherently contained in the coke, there was no degassing of the bed at 1000°C 

prior to the introduction of the CuCl vessel. 

From the results it will be seen that the cuprous chloride vapour was not 

quantitatively reduced at each temperature. Since hydrogen exists on the 

coke surface as an extension of that surface its chemical affinity will 

be defined as an apparent activity aH. For the reaction :- 

3 H 	(CuC1)3 	3 HC1 4- 3 Cu 	(28) 

then:- K 	P3 
	( 28 HC1  

3 	

assuming auu  n 1 	29) 

lCuCl)
3 

 a3 
 

From the JANAF(62) tables it is calculated that at the temperatures of 750°C 
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800°C and 850
o
C the values of log10  K are + 2.5599, + 2.5099 and + 2.4558 

respectively. By substituting the measured values of the partial pressures 

of hydrogen chloride and cuprous chloride trimer, it can be calculated that 

the values of the apparent activities of hydrogen on the coke surface at 

the three temperatures are 0.04451, 0.004438 and 0.00123 respectively. 

Conversely,when the apparent activity of hydrogen equals unity,then the 

equilibrium concentration of cuprous chloride in the effluent gas stream 

would be 1 x 1074ppm. ( spl  is relative to gaseous monatomic hydrogen) 

Of the total hydrogen contained on the coke surface, at the three temperature 

of 750, 800 and 850°C, 88.2%, 87.5% and 88.3% react to give hydrogen 

chloride, the rest is evolved as gaseous hydrogen. The hydrogen which reacts 

to hydrogen chloride by cuprous chloride reduction does so at a steady 

rate for five days, the hydrogen which evolves as gas does so at a decreas-

ing rate over a period of two days. Carbon monoxide production extends over 

the same period as that of hydrogen chloride but its rate of production 

gradually falls with time. Therefore the reduction of cuprous chloride 

vapour is a steady state effect while the generation of the two gaseous 

species is a non steady state effect. 

It is proposed that as cuprous chloride is reduced at the coke surface 

it electronically disturbs the T:bonding within the immediate carbon matrix. 

This has the effect of weakening any other surface bonding on the surround-

ing coke and so any adsorbed hydrogen or'Col  which were previously quite 

stable now become unstable and are desorbed to give gaseous hydrogen and 

carbon monoxide. 

It has been found that at temperature, adsorbed hydrogen is much less stable 

than Co on a coke surface and so the perturbation of the Tt bonding will 

have a greater effect on hydrogen than it will on Co. Of these two species 

hydrogen is also the less temperature stable and so as the temperature 

increases, relatively more hydrogen than Col is evolved. Therefore of the 

volumes of gas stable at 750°C, 79% of the hydrogen and only 30% of the 

carbon monoxide become unstable and are desorbed when the temperature is 



6 	 (166) 

• 

raised by 100°C to 850°C and held there for four days. 

It is proposed that on a coke surface at each temperature there are two 

major types of hydrogen. The ratio of the quantities of each type is const-

ant with temperature since 88 t -% of the total hydrogen at each temperat:- 

ure is released as hydrogen chloride. 

Type I consists of a C-H bond or groups of C-H bonds which are quite 

stable and are only disrupted to produce type II and subsequently hydrogen 

gas, by a temperature rise. The decay of these hydrocarbon bonds to hydrogen 

at a higher temperature is exponential with time. 

Type  II  consists of C-H2  or of two closely associated C-H bonds with a low 

activation energy of rupture, which with the slightest disruption will 

form hydrogen gas. Type II can be regarded as an adsorbed hydrogen type. 

When heating coke from a temperature of 7500C to 10000C the adsorbed hy-

drogen type II is rapidly evolved over a period of a few hours, but the 

partial breakdown of the type I hydrogen to type II and hydrogen is a slow 

continual process which takes many hours at a decreasing rate. Type I 

breakdown generates a new type II which is stable at the higher tempeid7hre 

and hydrogen which is evolved as gas. The activation energy of formation 

of hydrogen from type I is much higher than it is for type II. 

As copper deposits on a coke surface , type II hydrogen is dislodged as 

the 1rt bonding is disrupted and if it does react with cuprous chloride 

it does so in the gaseous phase, to deposit copper on copper. Cuprous 

chloride vapour reacts with type I hydrogen on the coke surface and it 

deposits on the coke by replacement of the type I hydrogen, thus the 

copper is chemically bound to the coke surface. 

As copper continues to deposit on the coke the degree of perturbation of 

the 7:bonding throughout the coke bed, necessary to dislodge all the 

type II hydrogen, is achieved within two days. However a3the copper deposi-

tion only weakens the type I bonding, copper will continue to deposit on 

the coke as long as there is type I hydrogen left to reduce the chloride. 

For the three experiments less type II hydrogen is evolved in the two days 
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but less copper was deposited (as measured by HC1 production ), as the 

temperature of reaction increased. The amount of Tr perturbation necessary 

to dislodge 1 ml of type II hydrogen, as measured by (ml HC1 in two days / 

ml of gaseous hydrogen produced) was 2.33, 2.07 and 2.13 for temperatures 

of 750,800 and 850°C. Thus 2.2 - 0.13 ml of hydrogen chloride must be 

generated in order to liberate 1 ml of type II hydrogen. The error involved 

is ± 6% which, considering experimental and integration errors is quite 

comparable to the expected error. 

Thus the ratio of type I to type II hydrogen is constant with temperature 

and the degree of perturbation of the 7r bonds necessary to release a unit 

of type II hydrogen is also independant of temperature. Figure 39 shows 

these effects in diagramatic form. At 750°C, there are 210 mis of type I 

hydrogen which will all react with cuprous chloride to produce hydrogen 

chloride, in doing so it will weaken the bonding of type II hydrogen so 

much that it will become unstable and will be desorbed. As the rate of 

reaction of type I is steady and constant, the activation energy of 

rupture for all types of type I hydrogen is constant. On the seventh day 

there was a gradual,not sharp,fall in the hydrogen chloride concentration 

to zero and so there may be a small percentage of type I hydrogen which 

has a higher activation energy of rupture than the constant value. The 

release of type II hydrogen was not steady nor was it linear with time, 

therefore there are several kinds of type II hydrogen on the coke surface 

each having a different energy of rupture. However as the degree of pertu-

rbation required to dislodge a unit of type II hydrogen is independant of 

temperature and is constant , then the activation energy of rupture of the 

most stable kind of type II hydrogen is also constant with temperature. 

At 800°C , the type II stable at 750°C is all released as gas as the bed is 

heated to 800°C. Of the 210 ml of type I stable at 750°C , only 135 n1 

has remained stable at 800°C. The remaining 75 ml has decomposed into 19 ml 

• 	 of a type It stable at 600°C and 56 ml have been released as gas when the 

bed was held at 800°C for four days. Thus the temperature rise can be 
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FIGURE 39 PLOT OF ACTIVATION ENERGY OF RUPTURE VERSUS VOLUME OF HYDROGEN  

TYPES I AND II FOR EXPERIMENTS P2,133 AND P4.  

at 750oC at 800°C  at 850°C  

 

FIGURE 40 PLOT OF ACTIVATION ENERGY OF RUPTURE OF Co VERSUS VOLUME OF  

CARBON MONOXIDE FOR EXPERIMENTS P2,P3 AND P4.  

at 750°C  at 800°C 	at 850°C 

109 m1 

1 
131 ml 

157 ml 
• 
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considered as an overall reduction in the activation energies of rupture. 

Similarly, of the 135 ml of type I stable at 800°C when heated to 850°C 

only 44 ml remain stable and the rest has decomposed into 6 ml of a type II 

hydrogen stable at 850°C and 85 ml were evolved as gas while the bed was 

held at 850°C. 

The Co on the surface is also affected by cuprous chloride reduction. The 

activation energy of carbon monoxide formation from Co is thought to lie 

between that of type I and type II hydrogen, thus while the type II C-H 

bonds are broken by 7cperturbation and type I bonds are weakened, the 

bonding of the Co is progressively weakened and then broken. During the 

initial copper deposition all the weakly bonded Co is liberated as carbon 

monoxide in a surge. As the degree of It perturbation increases with incr-

easing deposition of copper with time, so the Co breakdown is a function 

of time and hence of the strength of the bonding of the Co. The weakly- 

A 

held Co is liberated first and as the carbon monoxide evolution continues 
• 

the strength of the Co bonds to be broken increases. Thus the amount of 

copper required to liberate 1 ml of carbon monoxide increases with increas-

ing Co bond strengh and so the concentration of carbon monoxide in the gas 

stream is a decreasing function of time since the rate of copper deposition 

is a linear function of time. 

Since it was thought that there are several types of surface oxide of diff-

ering bond energies, it would be expected that the carbon monoxide prod-

uction would decrease in a step-like manner as each supply of constant 
I 

bond energy Co was exhausted. No definite steps were noticed in the carbon 

monoxide output but the concentration during any one day was usually 

constant to within the calibration error. However the following days 

'constant' level was always lower than that of the preceeding day. This 

suggests that there might have been a step-like form of carbon monoxide 

production but it cannot be definitely proved. 

From figures 36,37 and 38 it will be seen that the peak value of the carbon 

monoxide plots were 17,000 , 10,000 , and 21,000 ppm respectively. Also 

the concentration value after seven and a half hours reaction was in each 
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2750, 2250 and 2000 ppm respectively. Thus although the total volume of 

carbon monoxide evolved decreased with increasing reaction temperature 

this effect was not observed during the first seven and a half hours of 

reaction since at 850°C more carbon monoxide was liberated in this time 

than was liberated at 800°C during the same time period. Thus the stability 

of the Co bonds at each temperature differs for each temperature. 
7 

The temperature stability of the Co types can be more easily considered 

by determining how much perturbation of the it bonding was necessary to 

generate 1 ml of carbon monoxide. The degree of perturbation is equivalent 

to the amount of copper deposited which in turn is equivalent to the 

volume of hydrogen chloride liberated. Thus the average degree of pertu-

rbation required to liberate 1 ml of carbon monoxide at 750°C was 2.69 ml 

of hydrogen chloride, at 800°C it was 2.05 ml and at 850°C it was 0.81 ml. 

Although heating the bed from each of these temperatures by 50°C has 
:t 

liberated 16% from 750°C and 17% from 800°C of the total amount of Co 
1 

present, the degree of weakening of the Co bonds has increased by 24% and 

by 60% respectively. Considering this in another way, when heating coke 
r 

from 750°C to 800°C the bond energies of all types of Co are weakened by 

24% of their previous levels ; 16% of all bond types are so weakened that 

they become unstable and are desorbed as carbon monoxide. Figure 40 shows 

this in diagramatic form. When heating from 750°C to 800°C the zero on 
1 

the activation energy scale is effectively moved up and the Co types with 

activation energies below the zero are all desorbed as carbon monoxide. A 
, 

similar thing happens on heating to 850°C, some of the Co is weakened so 

much that it is desorbed and all the rest of the Co types are weakened. 

When copper deposits this has the effect of progressively disrupting the 

bo'bonds in order of their strength. 

Methane production is minimal and is probably due to the incomplete 

breakdown of some of the type I hydrogen 

Summarising, copper replaces type I hydrogen as it deposits, in doing so it 
• 

liberates type II hydrogen and carbon monoxide from the Co held on the 
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coke surface. The activity of the type I hydrogen reduces with increase 

in temperature therefore the higher the temperature the less the degree of 

reduction of cuprous chloride. Also as the temperature of the coke is raised 

so the amount of type Ithydrogen is drastically reduced. Thus on two counts 

is it desirable to reduce cuprous chloride on coke at the lowest temperature 

possible. 

***********************************************************# 

• 
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,CHAPTER 4  

OVERALL DISCUSSION OF RESULTS  

This general discussion of the results of this work, is divided into ten 

sections. Each section collates the relevant deductions made from each 

individual discussion. An attempt is made, in each section, to relaje the 

results obtained, to the work of previous workers. The last section , specif4 

ically relates this work to the TORCO process, and makes certain suggestions 

as to the improved operation of this process. 

The first section contains a detailed analysis of the steam-carbon reaction 

mechanism, and attempts to derive a reaction rate equation from the sugges-

ted mechanism. The equation obtained for the reaction rate,was used with 

the results of the D series of experiments in order to make some conclusions 

about the species in existance on a coke surface,at temperatures of about 

750°C. 

(1) The kinetics and mechanism of the steam-carbon reaction. 

The difference in reactivity between cokelcharcoal and graphite is thought 

to be due to the nature of the carbon Surface. From earlier experiments 

it was found that both hydrogen and carbon monoxide can exist on a ccke 

surface at temperatures up to 110000 Therefore those adsorbed gases on 

the coke surface must decrease the area of the coke surface available to 

attack by water vapour. It is thought that a major difference between the 

carbon types is the quantity,nature and type of carbon monoxide ani 

hydrogen that is adsorbed by the different carbons.during reaction with 

water vapour. 

The following proposal for the reaction mechanism is based on Ercun's 

Unified Theory(132h134) but includes the possible adsorption of the 

reactant and product phases. 

Consider water vapour to be initially adsorbed on the carbon surface by 

a physical bond between the oxygen atom inthe water molecule and a surface 

carbon atom which is a free active site Cf°(equation 19). This bond 
now 
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changes to a chemical bond weakening the 0-H bonds and so the hydrogen 
$ 

atoms combine to give gaseous hydrogen. The surface oxide Co, so formed 

can alter its structure by strengthening the C-0 bond to a double bend 

and it can then be said to be adsorbed carbon monoxide (CO). This can 

be desorbed. Hydrogen can set up a steady state on the coke surface by 

an adsorbtion-desorbtion method. 

Carbon dioxide production is due to gaseous carbon monoxide or water vapour 

reacting with the surface oxide Co to give adsorbed carbon dioxide (002). 

This can now be desorbed and a steady state is set up between the adsorbed 

and desorbed molecules. The reactions are written :- 

H2O + 	C. 	(H20) 	(19) 

(H20) 	Co + 	(20) 

Co ___.____00.(C0) 	(21) 

(CO) ;.,Ii=7.-.====.! CO 	nOf 	(23) 

	

H2  + Cf 	 (H2) 	(24), 

	

CO + Co 	(002) 	(25) 

	

H2O + Co 	ft-(C02) + H2 	(26) 

(CO2)...r.„____ CO2  + nCf 	(27) 

Where () indicates an adsorbed species and the values of n in equations 

23 and 27 are unity. Statistically n can have any value between 0 and 2 

but if its value was less than unity the reaction rate would decrease with 

time since active sites are being consumed in the reactions but are not being 

generated at the same rate. If the value of n was greater than unity, 

active sites would be generated at a faster rate than the rate at which 

they would be consumedltherefore the reaction rate would increase with 

time. Since the steady state is being considered n is therefore taken 

unity. Considering the primary reduction of water vapour, the above reactions 

can be written as 2- 
k 

H20. + Cf 

	

	k:   (H2
0) _1_10- Co + H

2 
1 

	

(CO) 	Cf  

klk 
2 

klkt 
3 

	

CO 	(H2) 
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To avoid over-complication it is assumed that (1) all generated free 

surface sites are of a similar nature to the existing free sites;  (2) the 

carbon monoxide adsorbed from the gas phase is exactly the same as the 
) 

adsorbed carbon monoxide generated by the decay of Co,(3) the fractions of 
,  

the surface occupied by (H
2 
 0) Co

I 
 (CO) and (H

2) are a; a','  tri//  and Tr, then in 

the steady state the rates of appearance of all the surface complexes are 

equal to their rates of Aisappearance. If 
P1,P2 

and P
3 

are the partial 

pressures of water vapour, carbon monoxide and hydrogen then :-

for water vapour, 
, 

k
1
P
1
/
k1 - 	k'

1
cr + 	.6r(kt

1 
 + i) 

for carbon monoxide, 

k2P2(1 	k2 a
7/t 	af(ktcr- j) .e(k12 	'017 j°")-

for hydrogen, 

k
3
P
3
(1 - 	= 100-1'1+ it' 	a-  (kt - ia-) 

summing, 

k P 	k P'(1 +EL) 1 	+ 	2 2 	0-11  

(k t  i) (kt 
1 	2 

k3P3 	11 

+ 	ifs) 
1 + 	. a-  -4- a- 	cr" 	cs-"1  

let k°1  = k1/(11 + i) 	k2 = k2(1 +3;a/(k - 44) 1{3 = k3/(k3 

then, 	
1 + k0

1
P
1 	2 2 + k0P / + k°13  

since the formation of carbon dioxide is not being considered, then if P°  

is the original partial pressure of water vapour 

P2 . P3 
= Po - P1 

then the free surface isequal to 1 -sr".=. 	1  
1 + 1013
12 	31  + (k°  + k°)(P°- P) 

Then the rate of reaction is given by the product of the free surface area 

and the specific reaction rate per unit free surface which is proportional 

to the partial pressure of the reacting water vapour 

3 	3 

1  

• 

k(1 -;Ed)PI  
dt 

by separating the variables 

kP
1  

1 + 1( + 	+ k3)(P°  - 7;  
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T 	P
1  r 	. o 	. oN ( ,..0 

J kt 	. ,r  L  1 + ko + kk + x )k r - 1 A . d P : 
0 	po p 	1 	2 . 3 - P' 

	

Pi 	 I 

and integrating between time 0 and the residence time T, and the initial 

and final partial pressures of water vapour Po and P1 
then 

kT = [1 	po(ko kcl  po 4.1ko (ko kl(po p 

	

` 2 	3 	` 2 	̀  	1' 
1 

or fP° -P 1 f k 	1 In Po 	+ P°(k;  + kp}  
- (k2̀' kp 	T 	- (k° + k ) 

1 1 2 3 

therefore by calculating (P° - P..yT and 1/T.1nP°/P
1 
 from the experimental D 

results and subjecting them to a linear regression analysis, the slope 

and intercept will give 1 + P0(ko ko)1 and k 	respectively 

TABLE 14 

charcoal 

slope  

,. 	- .,0.0004765 
correlation coefficient 

0.999956 

coke 

graphite 

0.009195 

0.009267 

0.009802 

-0.0003263 

-0.0000697 

0.999907 

0.999712 

Table 14 shows the results obtained and since all intercepts are negative 

and as k must be positive, since the reaction does take place, then 

ko (ko ko. 
3) must also be negative. Therefore (k° + k°) > k° and by 1 	` 2 	 2 	3 	1 

considering the minimum value case, then (lc;  + k3) must be positive and 

so ko can be either positive or negative. 
1 

for charcoal 1- 	

1 

 1 .+ P°(k;  + 14)) 	_ 

k° .. (k° + k°) 
1 	2 	3 	

0.009195 

o o 	o from which k2 + k3 . - [0.009195 k + 1 i 	must be positive. 1  
0.000405 

therefore(- 22.7 	- 2469) must be positive, and so k7  must be negative 

and its numerical value must be greater than 109 

By dividing the intercept by the slope and multiplying up 
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k a 0.0518 + 0.000497 (k2 + k3) 

therefore k must be positive and its numerical value must be greater than 

000518.. 

By a similar procedure the following table 15 can be drawn up 

TABLE 15 

0
1 
 negative (k3 + 03) k 

charcoal >109 >0 >.0.0518 

coke >108 >0 70.0352 

graphite <102 ;> 0 7 0.00711 

o 
from the equations for k2 and k3 

it is found that k2  = k3  P3  Cr + -  
cr  /it 

2 

therefore both k2  and k3 are positive. 

Thus by a comparative analysis it is found that as 01  is negative for coke 

and charcoal, the existence of adsorbed water molecules on their surfaces 

is highly unlikely. However for graphite the value of k°  must be more positive 

than - 102 so that a positive value is possible and adsorbed water molecules 

are more likely to exist on a graphite surface than either a coke or charcoal 

one. Since k2  and ko are both positive then carbon monoxide and hydrogen  3 
can both exist as adsorbed species on any of the surfaces. 

Finally if k; is positive then kpl'›itritherefore the rate of removal of (CO) 

which is equvalent to kr is greater than the rate of formation of (CO) 

which is equvalent to ie. Therefore an oxygen atom on a carbon surface 

is more stable as bol than it is as (CO). 

Since there were several unknowns only a comparative analysis has been 

possible and from this analysis it has been found that (H2) and Co can exist 

on cokelcharcoaa and a graphite surface but only on the latter is adsorbed 
I 1 

water vapour a possibility. The relative quantities of Co and (H2) are 

unknown. 

• 
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(2)  Gas evolution on heating carbons  

In experiment A it was found that the major part of the carbon dioxide 

contained by coke is evolved when the temperature reaches 400°C and has 

virtually ceased at 800°C. This confirms the work of Emmett
(103) who 

found that, of the amount of carbon dioxide liberated by heating a steam 

activated coal to 1200°C, 820 of the carbon dioxide evolves before the bed 

reaches 900°C. Similarly he found that 23% of the hydrogen and only 10% of 

the carbon monoxide is liberated by heating to 900°C. This is in fair 

agreement with the results obtained in experiment A. 

In experiments H and J when coke or charcoal was heated to 850°C in a dry 

helium gas flow, no carbon dioxide or water vapour was detected at all 

when the beds were heated from 150°C to 850°C. This means that either all 

the water vapour and carbon dioxide have been evolved at 150°C or that they 

completely react as the bed is heated. Emmett
(103) could only produce large 

quantities of carbon dioxide (20% of total gas) when the charcoal was first 

extracted with HF. Normally for steam activated coconut charcoal and for 

steam activated coal, of the total volatiles, he only found 0.7% carbon 

dioxide and 2.2% water vapour and 1.1% carbon dioxide and 2.1% water vapour 

respectively. 

Hydrogen evolution after two and a half hours at 850°C is by no means complet 

in both experiments H and J, however charcoal produces nearly 100% more in 

the same time period, gram for gram, as does coke. Charcoal also produces 

70% more carbon monoxide than coke in the same time period per gram of 

sample but by taking a time period of four days at 850°C, the position is 

reversed and coke produces 40% more carbon monoxide than charcoal. This is 

because the carbon monoxide production from charcoal is complete as soon as 

the bed reaches temperature however the production from coke is a function 

of the time held at temperature. 

Methane production in each case is complete as soon as the bed reaches 
• 

temperature and coke produces 23% more than charcoal per gram of sample. 
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Konchesky and Stewart(102) found that in their flash heating experiments 

of coal and water vapour in a coil, 700 of the volatile matter evolves within 

0.6 seconds at 850°C and of this volatile matter, 57g is hydrogen, 17g is 

caxbon monoxide, 19% is carbon dioxide, 4.4% is methane and the rest is 

unsaturated. hydrocarbons. The different method of heating in experiments 

H and J meant that gas evolution was much slower and thermal cracking was 

far more complete. In the first two and a half hours in experiment H, of 

the gases volatilised, 70% was hydrogen, 19% was carbon monoxide and 10% 

was methane, there being no water vapour or carbon dioxide evolved and no 

hydrocarbons were measured. For charcoal the figures are 75% hydrogen, 20% 

carbon monoxide and 5% methane. 

In experiment K it was found that nitrogen was prodUced from coke as it was 

heated from 150°C to 850°C and that it was mainly derived from chemical 

sources and constituted about Tg of the total gas evolution after two and 

a half hours at 850°C. 

It is surmised that methane production is a by-product of hydrocarbon 

cracking below 850°C and is also due to the desorbtion of methane. No stable 

methane is produced at 850°C, since at this temperature the free energy of 

decomposition to hydrogen is - 7.5 kcal/mole CHII. 

Carbon. monoxide produced from charcoal is derived mainly from adsorbed gas bu 

the production from coke is partially due to the adsorbed gas but mainly 

it is the product of the thermal decay of the surface oxide Co. 

Hydrogen is derived from the thermal cracking of hydrocarbon groups on 

the carbon surface. The quantity and stability of these hydrocarbon groupings 

varies with carbon type. Coke contains more hydrocarbons which are unstable 

at lower temperatures than does charcoal but overall charcoal contains more 

hydrocarbon groups which produce hydrogen on heating to 850°  C than:does coke 

per gram of sample. 

(3) Species contained on a carbon surface at high temperatures. 

• 	 (a) Water vapour  From experiment D it was found that of coke, charcoal and 
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• 

graphite only on the latter was there a possibility that water vapour 

could exist at a temperature of 750°C. Both charcoal and coke produced result 

which showed that once water vapour came into contact with the carbon 

surface it reacted and could not be desorbed.In all heating to 1000°C 

experiments from reaction temperatures of 700-850°C (experiments E and 0 ) 

no water vapour was detected at all. When either coke or charcoal was heated 

from 150°C to 850°C again no water vapour was detected as having been evolved. 

Thus it seems unlikely that above 150°C and definitely above 700°C, water 

vapour molecules do not exist as such on a coke or charcoal surface. For 

graphite, however, this possibility cannot be ruled out on the evidence of 

these experiments. 

Strickland Constable(163'164),Long and Sykes(116,125-127) , Binford and 

yring(165),  Blyholder and gyring(129),  Johnstone et al(123)  all accept 

that water vapour reacts to form a surface oxide and gaseous hydrogen. 

Stickland Constable(163,164) proposes the adanbtion of water vapour in 

molecular form, largely because of the reversible adsorbtion of water vapour 

on charcoal below 700 C, Long and Sykes(116) and 	(129) gyring and co-workers 

proposed the predissociation of steam to hydrogen and oxygen which are then 

adsorbed separately onto different sites. Johnstone(128)  proposed that 

water vapour exists as OH and H radicals which are contained on neighbouring 

sites on the carbon surface. Long and Sykes(116)  do not stipulate that the 

adsorbtion of the hydroxyl and hydrogen groups has to take place on adjacent 

sites. Montet and Myers(136)  proposed that water vapour reaction with graphite 

was by dissociative adsorption. 

Therefore this work agrees with most workers as regards the non-existance of 

water vapour molecules on charcoal and coke surfaces at temperatures above 

700°C. The possibility of water vapour molecules existing on graphite is 

proposed and together with McKee's findings that water vapour in small(166)  

quantities retards graphite oxidation by oxygen, and Montet and Myers (135)  

findings that the apparent activation energy of the reaction of graphite and 

water vapour increases with decreasing water vapour concentration, sug,est 

that water vapour may exist on a graphite surface as discrete molecules 
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at 750°C. 

(b) Carbon dioxide. In all heating experiments from 150°C to 850°C and 

from reaction temperatures to 1000°C, no carbon dioxide was detected as havinE 

been evolved. Also when water vapour was reacted with coke in experiment E2 

no carbon dioxide was evolved until there had been a sufficient build up of 

Co on the coke surface. In experiments G1 and G2 when water vapour was 

reacted with graphite and charcoal, again no carbon dioxide was evolved until 

there had been a sufficient build up of Co on the carbon surface. 

Therefore this work suggests that carbon dioxide does not exist in molecular 

form on a carbon surface above 700°C Ergun
(167) proposed a direct gas/ 

solid interaction between carbon dioxide and carbon with the formation of 

the surface oxide and release of carbon monoxide. Langmuir(168)  first 

discovered that when carbon dioxide reacts with a clean carbon surface there 

is no increase in pressure in the system, i.e. one molecule of carbon 

dioxide converts to one molecule of carbon monoxide and the remaining 

oxygen atom is retained by the carbon surface. 

, 
(c) Carbon monoxide and the surface oxide Co  Experiments E and G show 

that oxygen is held by a carbon surface during the initial reaction with 

water vapoUr. Oxygen could be retained as adsorbed carbon monoxide (CO) or 

as a surface oxide Co. Experiment D's results suggest that of these two 

/ 
species, for coke,charcoal and graphite, Co is the more stable at 7.50oC. 

On heating coke or charcoal from 150°C to 850°C there is a large burst of 

carbon monoxide gas as the temperature rises, however at temperature, the 

carbon monoxide production from charcoal ceases while the production from 

coke gradually decreases with time over a period of four days. It is sugg-

ested that adsorbed carbon monoxide constitutes a major part of the carbon 

monoxide evolution on heating to 850°C and Co is responsible for its evol-

ution at 850°C. In experiment G it was calculated that the amount ol stable 

Co generated by the reaction of water vapour, assuming that the initial 

• reaction rate was equal to the steady state rate, was 0.63 ml/gm on coke, 
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0.057 ml/gm on charcoal and 0.256 ml/gm on graphite at 750°C. Thus gram for 

e 7 
gram coke will hold eleven times as much Co as charcoal and two and a half 

times as much as graphite. 

The inherent Co on a coke surface that is released as carbon monoxide on 

heating to 1000°C from various temperatures, can be replaced to a certain 

extent, by reacting water vapour with the degassed coke at the initial 

reaction temperature, Thus from experiment 0 on heating from 700,750 and 800°  

to 1000°C, 1.13 ml/gm, 1 ml/gm and 0.44 ml/gm of carbon monoxide are evolved 

from untreated coke. After reaction with water vapour at the same temperature 

degassed coke gave 0,84 ml/gm, 1.15 ml/gm and 1.02 ml/gm on subsequent 

heating to 1000°C. However it was noted that the carbon monoxide which was 

evolved on heating to 1000°C is not the total quantity of carbon monoxide 
I 

held on the coke surface as Co. In experiment P it was found that cuprous 
e 

chloride reduction on a coke surface releases Co as carbon monoxide and at 

the temperatures of 750,800 and 850°C then 14.9 ml/gm, 12.5 ml/gm and 10.4 

ml/gm of carbon monoxide were evolved. Thus of the Co contained on.a coke 

surface at the most, only 7% is released by heating to 1000°C. Also from 

experiment P, the difference between the amounts of Co stable after four 

days at 750°C and 800°C was 2.4 ml/gm, in experiment 0 after twenty five 

hours from heating coke from 750°C to 800°C only 0.55 ml/gm was evolved. 

Thus the nature of Co stability is complex. 

There was slight evidence in experiment P that Co is liberated in steps by 

copper deposition on a coke surface, however the number of steps was indet-

erminate. Thus it is proposed that there are several types of carbon surface 

oxide each exhibiting different degrees of thermal stability, It can be seen 

from the results of experiment 0 that the types of Co, generated by water 

vapour at high temperatures on a coke surface differ in thermal stability 
, , 

from the Co types inherently contained in coke, since when both samples are 

heated to 1000°C the rates of evolution of carbon monoxide are not similar 

nor are the quantities evolved equal. Figure 4f shows the amounts of 'Co 

that are stable at each temperature calculated from experiment P. It can be 

seen that if the plot is extrapolated to 1000°C there should still be a 



• (182) 

FIGURE 	41 SPECIES INHERENTLY STABLE ON COKE VERSUS TEMPERATURE 
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significant quantity of Co stable at this temperature. It was once thought 

that Co was equivalent to adsorbed carbon monoxide however both forms exh-

ibit different types of adsorbtion spectra(169-171) and when carbon dioxide 

is reacted with graphite, by tracer analysis (172 "173)  it has been found that 

there is exchange of oxygen between carbon dioxide and monoxide and negli-

gible transfer of carbon from the solid to the gas phase. Thus a surface 

oxide does exist, clearly distinct from adsorbed carbon monoxide and 

Identser and Ergun
(140) 

postulated that the C-0 bond in Co is 2/3 of a 

double bond. 

Ergun(134)  states that the surface oxide Co, is formed by the reaction of 

water vapour and carbon and it is exactly the same as'the surface oxide 

formed by the reaction of carbon dioxide and carbon, Strickland Constable(174) 

postulated that the similarity of the reactions of nitrous oxide, carbon 

dioxide, water vapour and oxygen with a carbon filament was due to the natur 

and characteristics of the carbon surface i.e. the.product was always Co. 

Walker and co-workers(118,119) conclude that chemisorption of oxygen to Co 

occurs on five different types of active site to give five different types 

I 
of Co. 

This work concludes that the surface oxide does exist as distinct from 

adsorbed carbon monoxide and that water vapour can generate stable Co on a 

coke surface at reaction temperatures but that this Co'  isdifferent from 

that inherently contained by coke. Also it has been proposed that some of 

the Co inherently contained by coke is quite stable at temperatures above 

1000°C. It has been shown that, gram for gram, for every ml of Co generated 

on a charcoal surface by water vapour, 5 ml are generated on graphite and 

11 ml are generated on a coke surface. 

(d) Hydrogen and methane. Hydrogen is inherently contained in coke and sugar 

charcoal but not on graphite. When these three carbon types are reacted with 

water vapour, then gram for gram, for every ml of stable adsorbed hydrogen 

• 
	 generated on a graphite surface, there is generated 5 ml on coke and 19 ml 

on charcoal. For coke at750°C, assuming water vapour immediately assumes its 

steady state rate of reduction, then 0.15 ml/gm of stable hydrogen is 
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adsorbed by the coke surface. On heating from 750°C to 1000
o
C coke, which 

has been reacted with water vapour after pretreatment at 1000°C, 0.26 ml/gm 

of hydrogen are evolved; on heating to 1000°C from 750°C coke which has 

had no pretreatment then 4.99 ml/gm are evolved and on reducing cuprous 

chloride on untreated coke at 750°C, 22.75 ml/gm are evolved as hydrogen 

and hydrogen chloride. Thus of the quantity of hydrogen stable at 750°C on a 

coke surface only 20% is evolved on initial heating to 1000°C. Also of the 

hydrogen that is evolved on heating untreated coke to 1000°C from 750°C 

only 6% can be replaced by reacting the coke with water vapour at the same 

temperature. Also from these results it is obvious that water vapour reacts 

with coke at a much higher rate initially than the steady state rate. 

Since water vapour generates adsorbed hydrogen then the hydrogen inherently 

contained by the coke cannot possibly exist in the adsorbed state since 

by heating both types to 1000°C from 750°C twenty times as much hydrogen 

evolves from untreated coke as does from the known stable adsorbed hydrogen 

on the water treated coke. It follows therefore that the inherent hydrogen 

exists as hydrocarbons. It is the thermal breakdown of these hydrocarbons 

to hydrogen and in some cases methane, that generates the detected hydrogen. 

In experiment P it was postulated that there are two main types of hydro-

carbon groupings on a coke surface, type II, which can be regarded as a 

form of adsorbed hydrogen such that on heating or on disturbance of the 

carbon matrix bonding by copper deposition, it will be desorbed as gaseous 

hydrogen. Type I is much more stable and decomposes very slowly when subj-

ected to a temperature rise. It is type I that reacts with cuprous chloride 

vapour on the coke surface and its activity was calculated to be 0.044 at 

750°C. The volume ratio of type I to type II was constant over the temp-

erature range 750-850°C at 15:1. When type I begins to decompose when 

subjected to a temperature rise , it does so by initial breakdown to type II 

which then is evolved. 

The stability of total hydrogen with temperature is shown in figure 4i , it 

• 	
is obvious that no hydrogen is stable on a coke surface at 1000°C, however 
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the rate of decay of the hydrocarbons at this temperature is so slow that 

it would take several days for the hydrogen to be completely evolved. The 

difference between the hydrocarbons contained on coke at 750°C and 800°C 

according to experiment P is 8.1 ml/gm, of which 2.67 ml/gm are type II and 

5.43 ml/gm are of type I. When untreated coke . 	was heated from 750°C 

to 800°C in experiment 0, after twenty five hours 2.68 ml/gm of hydrogen 

had evolved, i.e. all of the type II and some of the type I that had started 

to decompose at 800°C. The difference in volume between the coke heated to 

1000°C from 750°C and from 800°C was 2.95 ml/gm, i.e. all the type II and 

substantially more of the type I which has evolved during the pretreatment 

at 800°C. 

Workers(112,113) have found that the activation energy of chemisorption 

of hydrogen on graphite varies according to the coverage of the surface by 

hydrogen. Walker
(122) 

et al found four different types of adsorbtive site 

for hydrogen. Puri and co -workers(123'124)  found that hydrogen from charcoal 

is driven off in steps on heating from 30 to 1200°Ca7)in suggesting that 

there are several types of adsorbtive site. Emmett

00 

 has shown that 

when coal is heated from 900°C to 1000°C 35.6 ml/gm of hydrogen are evolved. 

In this work it was found that 23 ml/gm of hydrogen still stably exist on a 

coke surface at 750°C. 

Methane production in these experiments was minimal at reaction temperatures 

and only charcoal in experiment D produced significant quantities on reaction 

with water vapour. On heating unreacted coke to 1000°C the volume ratio 

of methane to hydrogen evolved was less than 1:100. The free energy of form-

ation of methane at 750°C is + 8.00 kcal/mole CR
4 

. Thus it can be said that 

methane molecules do not exist as such on a coke surface but, the hydro-

carbons that do exist can, in certain circumstances, thermally decay to give 

methane. When cuprous chloride is reduced at a low rate on a coke surface 

as in experiment P the it bonding disruption is sufficient to promote the 

gradual and complete decay of type II hydrocarbons to gaseous hydrogen. 

However when the rate of cuprous chloride reduction is sudden and extremely 
• 
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rapid as in experiment A2, the it bonding disruption is so massive and 

sudden that the hydrogen forced off the surface, drags with it carbon atom 

that are loosely held by the carbon matrix, i.e. the type II hydrocarbons 

are dislodged as the lowest hydrocarbon grouping 	methane. 

(4) The steam carbon reactions 

In all experiments it was found that gaseous hydrogen and carbon monoxide 

were the principal products of the reaction of water vapour and carbon. 

It was found in experiment D that adsorbed water vapour molecules are not 

likely to exist on coke or charcoal surfaces. Thus it is proposed that 

the principal reaction is a gas/solid reaction producing a surface oxide 

and gaseous hydrogen. The rates of adsorption of hydrogen and of decay of 

Co and the subsequent desorption of carbon monoxide vary according to the 

carbon type and with the gas residence time. In the steady state it was 

calculated that on a graphite surface the ratio of Co to hydrogen generated 

from water vapour was 8.5:1, on charcoal it was 0.1:1 and on coke it was 

4.2:1. 

The number of active sites CO;) involved in the reaction increases with • 

temperature and with gas residence time, and in general at any one temp-

erature there are 5 times more active sites per gm involved in the water 

vapour reaction on charcoal than on coke and some 42 times as many as on 

graphite. 

It was found that in the systems considered, the reaction was slow in ach-

ieving a steady state and that the steady state attained was far removed 

from thermodynamic equilibrium. It was also found that adsorbed hydrogen 

severely limited the degree of reduction of water vapour and when this 

adsorbed hydrogen was removed as in experiment N1, by the cuprous chloride 

reduotion by hydrogen above the coke bed, although the number of active 

sites involved remained virtually the same, the sites vacated by hydrogen 

were open to attack by water vapour and so the apparent activity of the 

• 	 carbon increased dramatically ( by a factor of 100 from a liquid cuprous 
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chloride temperature of 400°C to 700°C). 

In experiments H and I as the temperature increased from 150°C to 850°C 

water vapour started to react with the coke at about 500°C and the reaction 

products were hydrogen,carbon monoxide and methane, however at 850°C, methane 

production ceased. In two and a half hours the water vapour reaction had 

increased the amounts produced by 13% for hydrogen, 5Y for carbon monoxide 

and for methane by 15% over the amounts of gas produced from the coke in 

a dry system. . 

An equation for the rate of water vapour reaction in the steady state was 

derived as 

° 
0/dt 	k PH 0/(1 + k°2PCO + k 

	

3PH 	' 
k°1PH 0)  

2 	2 	. 	2 

Which on the simplification that Pco  = PH  is equivalent to the rate 

equation developed by Gadsby et al
(125) 2 .  Upon integration this gives :- 

(P°  P) 	. X - Z. 1/// lnP°A 	Cf y = c -mx 

where P°and P are the initial and final partial pressures of water vapour 

and Tis the residence time in the bed and, 

X g. k/ [el  - (k2 + k3)1 

z = C + e(k; 	I [..k7 	(k; 1,3)] 
	

(see p 115) 

when the experimental values of 1r and P were used in the above equations 

and the results subjected to a linear regression analysis it was found that 

Z and X were constant and thus the derived equation was adequate in 

assessing the results obtained. 

It was found in experiments E and G that carbon dioxide production was 
r 

initiated when there was a sufficient build up of the surface oxide Co on 

the carbon surface. From experiment N1 it was found that the production of 

carbon dioxide was strongly dependant on the partial pressure of water 

vapour in the system, and as the latter fell with increased cuprous chloride 

temperature so the concentration of carbon dioxide also fell. This occured 

even though there was a high concentration of Co on the coke surface and 

the concentration of carbon monoxide in the gas stream was high. Thus it 
M 
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appears that the principal source of carbon dioxide in a steam-carbon system 
t 

is from water vapour and the surface oxide Co and not from Co and carbon 

monoxide. Therefore it would be expected that the amount of carbon dioxide 

produced from coke,charcoal and graphite would be in the same proportion 
( 

to the amount.of Co held on their surfaces. It was found that, gram for gram, 

Cofor every ml of o on charcoal at 750oC there was 4.5 ml on graphite and 

11 pill on coke. Thus considering the approach of the K6  ratios,for carbon 

dioxide production in experiment D, to unity as a function of the amount of 

carbon dioxide produced, then from figure 12 (p 64) it can be seen that at 

low residence times at 750°C, that the order of ability to produce carbon 

dioxide is from coke, then graphite and finally from charcoal. However at 

long residence times this correlation between amounts of Co and carbon dio. 

xide produced is not true since the K6  ratio for coke decreases with 

residence time. Also from figure 10 (p 59) , it can be seen that , unlike 

charcoal and graphite, for coke as the temperature increases from 7000C to 

900°C for a residence time of seventeen seconds,the K6ratios fall but, the 

converse happens at residence times of less than a second and the K6  ratios 

increase with tempex:ature. Thus carbon dioxide production from coke is not 

only governed by the partial pressure of water vapour but also is strongly 

influenced by the catalytic impurities in the ash. It is well known that 

the reaction of carbon dioxide and water vapour with coke to produce 

carbon monoxide is catalysed by a number. of compounds(127,130,156,157,158)  

and it is proposed that these catalytic effects are only able to exert their 

influence to keep the partial pressure of carbon dioxide minimal,at long 

gas residence times in the bed;and so,at shorter gas residence times the 

amount of carbon dioxide produced is a truer reflection of the reaction 
1 

between Co and water vapour. 

Thus this work agrees basically with Ergun(134),  that the initial reaction 

is of water vapour reacting with solid carbon to form a surface oxide and 

gaseous hydrogen. However Ergun's work suggests that the principal source 

of carbon dioxide is from Co and carbon monoxide and in experiment N1 this 

was found not to be so, and it was water vapour that was reacting with Co. 
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This work suggests that the rate controlling step of the steam-carbon reac-

tion is the transfer of carbon from the solid to the gas phase i.e. the 

release of Co as carbon monoxides and that this rate was largely determined 

by the concentration of the adsorbed reactants on the carbon surface, this 

is in agreement with a number of workers .(116,175,176) 

(5) Catalysis of the steam-carbon reactions.  

In experiments H and I, the presence of 0.5% salt by weight in two and 

a half hours increased the reaction products from the water vapour red-

uction by 34% of hydrogen and carbon monoxide, it also increased the amount 

of methane produced from the reaction of water vapour with coke by Oro, 

during the same period. In experiment A2 it was shown that when copper 

deposits on copper the rate of reduction of water vapour increases to 

supply the cuprous chloride with sufficient hydrogen. In experiment N1 

this was again found. The catalytic action was explained by the setting up 

of a potential gradient of hydrogen between the coke bed and the region of 

copper deposition. As the need for hydrogen increased as the partial press-

ure of cuprous chloride increased, so the potential gradient steepened 

to provide sufficient hydrogen for complete reduction. Thus the rate of 

water vapour reduction increased and the amount of hydrogen that was 

stable in the adsorbed form on the coke surface decreased, freeing more 

active sites for attack by water vapour. 

Copper in physical contact with coke was found to be a poor catalyst of 

the steam-carbon reaction in experiment F, whereas chemical contact between 

copper and coke, as afforded in experiments P2,P3 and P4 as well as A2, 

showed that the deposition of copper on coke was accompanied by release of 

adsorbed gases carbon monoxide, hydrogen and methane as well as the release 

of the surface oxide to carbon monoxide. This was explained from the Tr 

' bonding perturbation by the unfilled ldt bands of copper metal after Long 

and Sykes(125,152) and Rakswarski(153).  

• It was also found that in experiment F copper was responsible for the 

retention of hydrogen on a coke surface by adsorption and by creation 
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of active sites containing adsorbed hydrogen. 

(6) The vapour pressure of cuprous chloride  

In experiment N1 it was found that the partial pressure of cuprous chloride 

could be followed by indirectly measuring the partial pressure of hydrogen 

chloride, this being assumed to be the sole gaseous product of cuprous 

chloride reduction. This was verified in experiment P by direct measurement 

of the hydrogen chloride partial pressure,thus by assuming the trimer to 

be the sole vapour species,from the 'lost' hydrogen results of experiment 

N1 it was found that:- 

log10  P -(CuCl)3 mm Hg 	- 5540/T°K + 6.3 1.  0.1 

as compared with the directly measured partial pressure of cuprous chloride 

from a number of workers as being :- 

log10 P(CuCl)
3 
 mm Hg = 	5270°K + 6.354 t 0.25 

Thus measuring the partial pressure of cuprous chloride by the indirect 

'lost' hydrogen method in experiment N1 was a reasonable experimental 

procedure for the determination of the vapour pressure of cuprous chloride. 

Also as the experimental results, calculated on the trimer, agree well 

with the measured vapour pressure, then the trimer is assumed to be the 

dominant vapour species in the temperature range studied, 500-700°C. 

This work shows that AH0 
v for the formation of the trimer from three moles 

of liquid monomer was 25 t 2 kcal/mole trimer. The JANAF(62) figure is 

29.9 0.2 kcal/mole trimer, but this figure was calculated on the assump- 

tion that AH° 	was constant with temperature, which of course it is not. 

Guido's(177) mass spectrometric work , which is more recent than JANAF gives 

Ho 
s 640oK as 33.7 t 0.8 kcal/mole trimer. Thus astllv 7 00°Kis 7.3 kcal/mole 

. 0 
then a more accurate value oftlifv 700°K is 26.4 t 1 kcal/mole trimer . 

0 
This gives a closer agreement with the measured value of A Hv from'this 

work of 25 ±2 kcal/mole trimer over the temperature range 800-1000°K. 

(7) Cuprous chloride reduction by hydrogen  

In experiment N1, cuprous chloride vapour was reduced by gaseous hydrogen 
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to copper and hydrogen chloride on the surface of the silica reaction tube. 

Very little copper was deposited on the coke bed itself while some copner 

was deposited on the silica wool plug on top of the coke bed. It was found 

that silica does not adsorb hydrogen to a measurable extent at these temp-

eratures and so the deposition could not be due to there being a greater 

hydrogen potential on a silica surface than on the coke. This effect was 

explained by the diffusion of hydrogen out of the coke bed being greater 

than the linear velocity of the cuprous chloride vapour towards the bed. 

In experiments with the Mk III reaction tube which restricted back diffusion 

of hydrogen, no copper was deposited between the cuprous chloride vessel 

and the restriction but copper was deposited on the coke as well as on the 

silica reaction tube walls above the coke. Therefore it is concluded that 

in a system containing gaseous hydrogen, as generated by water vapour and 

coke, there is no preferentia/ deposition of copper on coke. 

In experiments with water vapour present there was a certain amount of 

copper deposition on copper. This is assumed to take place by hydrogen 

migrating to the surface of the deposited copper enabling more cuprous 

chloride to be reduced there. The extent of the copper on copper growth 

was severely limited and only a few dendritic growths were noticed on the 

underneath of the CuCl vessel. On the copper crust in experiment P1, the 

copper on copper growth was mainly plates and filaments. In all experiments 

with water vapour, no cuprous chloride was observed to pass through the 

system without being completely reduced. Only in experiments P1 and N1 

when water vapour was removefrom the system was a plug of condensed cuprou 

chloride noticed below the coke bed. When water vapour was absent from the 

system as in experiments P2,P3 and P4, the reduction of cuproud chloride 

was incomplete. This was explained by the hydrogen on the coke surface 

having an activity of less than unity. At 750°C it was calculated that 

this apparent activity of hydrogen was 0.04, even so 990 of the cuprous 

chloride was reduced. However at 850°C only 200 of the cuprous chloride 

vapour was reduced as it passed through the bed. Hydrogen generated by the 

action of copper depositing on the coke did not subsequehtly reduce further 
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amounts of cuprous chloride since the partial pressure of hydrogen chloride 

measured was always constant irrespective of the partial pressure of the 

gaseous hydrogen. 

In experiment A2 when a high partial pressure of cuprous chloride was 

suddenly introduced into the coke bed , the initial deposition was of copper 

on coke. However after not more than five minutes, the method of deposition 

changed to that of copper on copper and as the flowrate of helium was high 

there was no back diffusion of hydrogen out of the bed to reduce cuprous 

chloride on the silica vessel walls. Thus the result was a porous plug of 

copper which had grown up into the space above the coke bed and was not 

friable at all and consisted of a single mass. Therefore this growth was by 

migration of hydrogen to the copper surface from the coke bed down a 

chemical potential. 

Hadjiat(81)  found that when employing hydrogen from the reaction of char-

coal and water vapour, to reduce cuprous chloride vapour on the chSrcoal 

surface thatdeposition of copper was more complete at 700oC than at 900oC 

even though at 900°C more hydrogen was produced from the steam reaction. 

He tentatively suggested that this effect might be due to the nature of 

the inherent hydrogen on the charcoal. In a completely dry system he found 

that cuprous chloride reduction was not as complete as it was in a wet sys-

tem. However when water vapour was present in the system in reasonable 

quantities ( 10-4 atmos.) he discovered that copper would deposit on the 

silica walls next to the plug of charcoal as well as on the charcoal. 

In his nucleation work with cuprous chloride and hydrogen he found no 

difference in the nature or rate of deposition of copper from cuprous 

chloride and gaseous hydrogen on several substrates including s- copper 

powder, graphite, charcoal or silica. 

Thus from this work cuprous chloride will deposit copper from the reaction 

with gaseous hydrogen on any convenient surface. Copper will only deposit 

on a carbonaceous material when there is hydrogen on that surface either 

• 	 in the adsorbed state or as a hydrocarbon grouping. 
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• 

(8) Reaction of cuprous chloride and water vapour  

It was found that, to a.large extent in experiment P1 and to a much smaller 

extent in experiment N1, that water vapour reduces cupraus chloride to 

cuprous oxide and hydrogen chloride. The partial pressure of hydrogen chl-

oride so generated was much higher than the thermodynamic partial pressure. 

This was explained by the dissolution of cuprous oxide in cuprous chloride 

which lowered its activity and hence the reaction proceeded more towards 

completion. Hadjiat(81)  also found this effect but the partial pressure of 

hydrogen chloride measured was lower than the thermodynamic value. However 

in his experiment the cuprous oxide formed wan not in'eontact with cuprous 

chloride. 

(9) Nature of copper deposition 

When copper is deposited,from cuprous chloride vapour by hydrogen 'held' 

on.a coke surface i.e. not gaseous, on that surface, then the deposit is of 

platelike form. When gaseous hydrogen is the reducing agent the deposit 

takes two forms, (a) dendritic and (b) fine crystals. In experiment N1 

both types of deposit were found. Fine crystals built up into a sheet on 

the reaction tube walls and dendrites on the underneath of the CuCl vessel. 

It is proposed that since the cuprous chloride vapour is jetted out from 

below the bottom of the CuCl vessel, the vapour therefore must travel down 

and be reduced on the reaction tube walls by the hydrogen diffusing out of 

the coke bed. If any cuprous chloride is caught in a back flow of hydrogen 

and helium towards the CuCl vessel, its partial pressure will be extremely 

low. Therefore it is suggested that dendritic growthr as on the underneath of 

the CuCl vessel, only occurs when PH  :>, P(CuCl)  'and the fine crystals 
2 	3 

are the predominant growth form when PH  < P(CuCl)  as on the reaction 2 uCl
3 

tube walls. 

Hadjiat(81)  came to the same conclusions in his experiments of entrainment 

deposition of copper on substrates from cuprous chloride vapour and hydrogen 

He also noticed platelet and filament growth when copper was deposited on 

charcoal. 
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In experiment A2 and to some extent in experiments P2,P3 and P4, when 

copper deposited on copper by hydrogen migration from the coke, the nature 

of the growth was filiform. Also the copper on copper growth is upwards 

i.e. towards the cuprous chloride source and away from the hydrogen dource. 

Thus copper growth is from its tip into a region of high partial pressure 

of cuprous chloride vapour rather than from its base into a region of high 

partial pressure of hydrogen. The nature of the deposit was fine crystals 

and filaments confirming that this type of growth is predominant in a 

region where PH  < P. kCuCl) . Hadjiat also noticed these effects. 
2 	/3 

Thus when cuprous chloride is reduced by gaseous hydrogen on any substrate 

when P
H
e4  P (CuCl) then fine crystals and filaments predominate whereas 
2 	3 

when the reverse is true , a dendritic type of growth is observed. When 

cuprous chloride is reduced by the hydrocarbon hydrogen on the coke surface 

the growth is of a platelike nature. 

(10) Applications to the TORCO process.  

Figure 42 shows a free energy diagram of some of the reactions involved 

in the TORCO process, both proved and speculated, together with the reaction 

studied in this work. It can be seen that, as was shown in experiments N 

and P, the trimer is 	more stable than the monomer in the gas phase 

below 1000°C. The most efficient reducing agent for cuprous chloride is 

seen to be hydrogen although if methane did exist in a metastable state it 

would be the more efficient reducing agent above 500°C. This is obvious 

since methane is unstable with respect to hydrogen and carbon above 500°C. 

Thus any short chain metastable hydrocarbon would be a better reducing 

agent at reaction temperatures than hydrogen, this is why cuprous, chloride 

will be reduced most effectively on a coke surface containing metastable 

hydrocarbons i.e. type I hydrogen. 

From the equilibrium constant K scale on figure 42 it can be seen that its 

/.0 	2/3 
value for cuprous chloride reduction by hydrogen is 50 " PHC1/.11

2 
x  ' 
.0
(CuCl)

3 
however for reduction of the trimer by methane at the same temperature of 

7500c its value is 750 " P1.21C1/ 11
4 
x  1112101)

3 
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From the K equations it will be seen that the trimer reduction is dependent 

on the total pressure of the system to the 1/3 power. If the total pressure 

of the system were reduced this would favour reduction of the trimer. 

The presence of salt in the system catalytically increases the amounts of 

hydrogen and more importantly methane, from the water vapour coke reaction, 

as the temperature of the system is raised to 850°C. 

Thus cokes and coals of high volatile content would make better segregation 

agents, since they contain more surface hydrocarbons and subsequently 

generate more hydrogen on heating and contain more metastable hydrocarbons 

at reaction temperatures. However with too high a volatile content the large 

partial pressure of gaseous hydrogen produced would reduce cuprous chloride 

anywhere in the system and not necessarily on the coke and the deposit 

would be fine and crystalline, whereas with low partial pressures of hydroge 

dendritic and agglomerated copper on copper deposition is favoured. So if 

copper recovery was plotted against volatile content it would be expected 

that recovery would rise initially with increasing volatile content. However 

at very high volatile contents the recovery would be poor since hydrogen is 

reducing the cuprous chloride to fine crystals all over the system. This 

was found to be so.(70 

If a coal of high volatile content were coked at a low temperature ( 750°C) 

and used as a segregation agent instead of coal, then it would be expected 

that copper recovery would be much improved since some of the excess 

hydrogen would have been removed in coking but there would be sufficient 

metastable hydrocarbons on the coke surface to initiate copper deposition 

on that surface and a•sufficient partial pressure of hydrogen to ensure 

copper deposition on copper. Segregation tests have been made with a high 

temperature coke but as would be expected recoveries were poor.
(178) Also 

when using coal in a water vapour containing system, from this work, it 

would be expected that there would be three types of deposits Copper on 

coal by hydrocarbons., copper on copper by hydrogen migration and low partia 

pressure of hydrogen and copper on gangue from high partial pressures of 

hydrogen • This is found to be so in practice(176). 
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It was also found that copper deposition on coke will lead to the evolution 

of carbon monoxide in largerquantities than are generated from the steam-

coke reaction. It has been found that carbon monoxide in a segregation 

system is beneficial for the pre-reduction of the copper ore to cuprous 

oxide.(41)  

**************************************************** 
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CHAPTER 5  

This chapter contains the conclusion and some proposals for future work. 

CONCLUSION  

The most efficient method of reducing cuprous chloride trimer to copper is 

by gaseous hydrogen and according to the thermodynamics and kinetic con-

siderations, this process will proceed faster and to a greater degree of 

completion, the higher the temperature of reaction. However when cuprous 

chloride trimer is reduced by gaseous hydrogen , copper will deposit on any 

convenient substrate, there is no preferential deposition on carbonaceous 

materials when reduction is solely by gaseous hydrogen. The most effective 

method of depositing copper on a carbonaceous material is by hydrogen 

contained on that material surface. In coke and charcoal this hydrogen 

exists as metastable hydrocarbon groupings on the surface and the quantity 

and apparent activity of these hydrocarbons increase with a decrease in 

the maximum temperature to which the material has been subjected. 

Although reactions with water vapOur will create adsorbed hydrogen on a 

degassed coke or charcoal surface, the quantity replaced on the surface is 

small compared to that inherently contained by either carbonaceous material 

( 1/100 ). However of the two , charcoal can adsorb four times as much 

hydrogen, gram for gram, than can coke. 

Any beneficial effect that water vapour has in generating adsorbed hydrogen 

is offset by the the fact that gaseous hydrogen is also generated, thus 

leading to non specific copper deposition. 

If the partial pressure of gaseous hydrogen is lower than that of the cuprou 

chloride vapour, then dendritic growth is favoured, if the reverse is true 

then crystal and filament growth is more predominant. 

Copper can deposit on the copper deposited on the coke if the partial 

pressure of hydrogen is low and the nature of this growth is platelike and 

filiform. 

The effect of water vapour in the system has a negligible effect on hydrogen 

production, compared to the amount produced by the thermal treatment of coke 
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However it does increase the amount of methane in the system by 15%; by 

its reaction with coke at temperatures below 850°C. 

Thus from this work it is suggested that a coal coked at temperatures not 

exceeding 800°C would be abetter segregation agent than coal for copper 

reduction. 

As regards the steam-carbon reaction it was found that the surface oxide 

Co is stable on the coke surface at temperatures up to 1000°C. The amount 

of hydrogen 'held' on coke as hydrocarbons decreases rapidly with tem-

perature and as such, only adsorbed hydrogen contained on the surface dur-

ing reaction with water vapour would be the sole source of hydrogen for 

cuprous chloride reduction on the surface. It was found -that a charcoal 

can adsorb four times as much hydrogen at reaction temperatures and this 

would be a better segregation agent at temperatures higher than 850°C. 

The mechanism accepted for water vapour reaction with carbon is :- 

H2O + C
f 	

Co + H
2 

H2 + Cf 	
(H
2
) 	 (24) 

Co --Div CO + O
f 

Co + H2O ..";T:=.7±" CO2  + H2 
+ C

f 	(26) and.(27) 

There was little, evidence to support the theory that Co and carbon monoxide 

react to form carbon dioxide. It was proposed that when copper replaces 

hydrogen on the coke surface, this disrupts the -g bonding within the carbon 

matrix and releases adsorbed gases and activates the breakdown of Co to 

carbon monoxide and of the hydrocarbon groupings to hydrogen. This can be 

regarded as catalysis of the steam-carbon reaction since the vacation of 

active sites by the adsorbed gases frees the active sites for further attack 

by water vapour. 

The cuprous chloride trimer was indirectly found to be the most prominant 

species in the vapour phase over the temperature range 500-700°C and its 

vapour pressure was calculated to be :- 

lop P, '10 kCuC1)3  mm Hg 	
5,540/T°K + 6.3 0.1 

(8)  

(9)  
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and H
v 
over the same temperature range was found to be 25 - 2 kcal/mole. 

PROPOSALS FOR FUTURE WORK.  

From this work it has been shown that up to temperatures of 800°C , a low 

temperature coked coal was the best segregation agent , however at temper-

atures above this, the hydrocarbons metastably existing on the coke surface 

rapidly decline in quantity. Therefore it is suggested that a charcoal 

be used at temperatures higher than 850°C for segregation since sugar char-

coal can adsorb four times as much hydrogen from the reaction with water 

vapour than can coke. This would apply to nickel segregation which is 

carried out at 950
o
C. Thus further experiments with different types of 

charcoal at higher temperatures than employed for cuprous chloride reduction 

would be beneficial in determining the best segregation agent for nickel 

chloride and other refractory metal chlorides. 

For far more accurate kinetic measurements of the reduction of chloride 

vapour by carbonaceous materials, a fluidised bed could be employed with 

the chloride vapour passing through the bed at different flowrates. 

The chromatograph could be improved by fitting sample injection valves of 

the push-pull type situated inside the column oven. This would give much 

better reproducibility on injection, especially of water vapour detection 

which tended to be a function of the time the valves were left in the inject 

position.The sensitivity of the chromatograph tp hydrogen was poor since 

helium was used as a carrier gas, and to change to argon would have been 

too involved for rapid sampling of other gases as well as hydrogenIthus 

an on-line continuous hydrogen meter would be preferable. Although the 

Pye chromatograph was rma,at its maximum sensitivity ( burning out three 

katharometers in the process) for two years continuouslyl it performed 

extremely well and background noise was much lower than expected. Even 

so a more sophisticated machine (e.g. Hewlett-Packard) with automatic 

injection would give a much greater constancy in use for repeatable 
• 

injection. 
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Only one vapour pressure of water vapour was used in these experiments 

since this was the value of the water vapour partial pressure found in 

TORCO segregation chambers. If future work was carried out at a much 

lower partial pressure it might prove capable of reducing the amount 

of copper deposition on the silica while still generating sufficient 

gaseous hydrogen within the coke to reduce gaseous cuprous chloride 

on the copper already deposited on the coke. 

The Mk III reaction tube and CuCl vessel could be well used for nickel 

chloride experiments at 9500C and also for mixtures of chlorides. i.e. 

nickel-iron. 

The 'lost' hydrogen method proved so effective in deterMining the 

partial pressure of cuprous chloride, it is suggested that this method 

may be used to determine the vapour pressures of chlorides which are 

difficult to determine.  conventionally. 

44****************** 
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APPENDIX  

GAS CHROMATOGRAPH 	Pye Unicam Series 104 chromatograph Model 34 

katharometer max. temperature 350°C. 

carrier gas 15 ml/min to 200 ml/Min 

detection volume 0.3 ml per port 

sensitivity 	1000 my per mg of toluene 

noise and stability in 5 hours does not exceed - 0.02m 

katharometer power supply 

bridge current 500 mA bridge voltage 30 V max 

stability varied by less than t 0.02% bf bridge current 

for either 1 variation in voltage supply or temperate 

variation of 1°C. 

column oven controller  

range of control 0 - 5000C in fixed steps of 50°C and 

incremental control 0 - 500C.  

setting reproducability ± 0.2 5°  Stability t 0.1°C 

INTEGRATOR KENT CHROMALOG III  

mode of operation manual or remote or automatic, slope 

controlled. 

slope linearity better than 0.1% 

repeatability typically jtv,t 0.170 of area t 1 cnt 

dynamic range 104 to 106 dependent on peak size and 

duration 

maximum count rate 40,000 counts per sec. om either rg 

range 0 to 1000 my or 0 to 100 my 

printer six digit can print three peaks per sec. 

count capacity infinite reset in blocks of 900,000 

temperature stability typically 1 pv per 1°C 

auto zero output in excess of 0.5% of range 

drift rate less than 10 ppm of range per hour 

slope sensitivities variable between 0.75 to 288 ppm/sec 
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sampling rate 8,2 or 2  samples per second 

recorder and computor outputs 

AUTOMATIC TITRIMETER EIL TITRIMETER MODEL 24  

ranges 3 to 11 pH subdivided into 0.1 pH 

-800 to + 400 my subdivided into 10 my 

end point anticipation variable 0 to 300 my 

stability 0.1 pH 

titration accuracy 0.05 ml in 50 ml 

k*************************************************************k****** 
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