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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 discovei if fhe adsorbed hydrogen generated during
the regction could be resppngsible for the reductioﬁ of cuprous. chloride vépour
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
ig reduced by gaseous hydrogen, copper will deposit on any convenient
gubstrate; there is no preferential deposition on carbonaceous materials
when reduction is solely by gaseous hydrogen, The most effective method of
depogiting copper on a carbonaceous material is by hydrogen contained on that
material surface, On coke and charcoalxthis hydrogen exists mainly as meta-
étable hydrocarbon groupings on the surface and the quantity and apparent
activity of these groupings increases with a decrease in the maximum temp=-

e rature t§ which the carbon material has been subjected; :

Although reaction with waterovapour will create adsorbed hydrogen on a de~
gassed coke or charcoal surface, the quantity generated is small compared

t o that inherently contained by either carbon 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, generating
adsorbed hydrogen, is offset by the fact that gaseous hydrogen is also
generated leading to non specific deposition,

If the partial pressure 6f hydrogen is lower than tha; of cuprous chloride
vapour then a dendritic type of growth is favoured, if the féverse is true
then crystal and TTilament growth is more predominant, Copper can be
deposited on the copper deposited on the coke,if the partial pressure of
hydrogen is low, and the nature of this deposited growth is platelets and

f£iliform,



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 85000. However it does increase the amount
of methaﬁe present in the system by 15% by its reaction with the coke at
tempefatures below 85000. Thus from this work it is suggested .that a coal
coked at a temperature not 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 hydrocarbong decreases rapidly with temp-
erature and there are two bgsic types of ﬁydrocarbon. At temperatures
higher than 85000 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 diring reaction with water vapour,then it would be a better
éegregatioﬂ agent at temperatures higher than 85000.

The mechanisnm accépted for water vapour reduction by carbon is that it is

a gas/solid interaction to give gaseous hydrogen and é 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 reactas
with gaseous carbon monoxide to produce carbon dioxide , on the contrary

it was found that the surface oxide reacts ﬁith wéter vapour to produce
carbon dioxide, It was proposed that when copper replaces hydrogen on the
coke surface, this disrupts the MN-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 caé 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 temperatire range 500 to 70000 and

its vapour pressure was calculated to be :-

log,; Py, oy (nn He) = - 5,50 /% + 6.3 0.

373

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

found to be 25 L2 Kecal/mole trimer,
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SUMMARY OF SYMBOLS USED

adsorbed specieg

concentration or number of

activity

apparent activity of carbon

apparent activity of the free active sites
apparent activity of hydrogen on a coke surface
carbon

free active site

gurface oxide

Gibbs free energy

Enthalpy of melting or fusion

Enthalpy of sublimation

Enthalpy of vapourisation

reaction rate constaﬁt

equilibriﬁm constant

pressure of

gas constant 4,575 caL/deg when converting 1ln to log10

- temperature ¢ or °k ) -

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 & 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 mineralsiare 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 thrbugh 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 smmonium 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 (aioptase or chrysocolla) or mixed sulphide/oxide
ores, therefore carbonates and silicates require calcining to copper
oxide which is easiexr to process.

These ores which are difficult to treat are known as 'refractory', the
word is used in its.original sense i.e. %fom the french 'réfractéire{ ]
meaning 'resistant'. These ores are aptly named aé such, partially

because the copper is finely disseminated fhroughout the ore matrix and {
thus difficuit 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 & liquid/solid reducing reaction'to produce
liquia copper. However it is well known that the metalnchloride melting
and boiling points are lower than those'of their oxides (seé table 1),
Thus chloridisation of an oxide or silicate ore can produée a'éompound

more amenable to metallurgical extraction,

’ [
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(2)

mppg 4 (61-63)

Melting Point o-C Boiling Point %
Metal _ Oxide Chloride Cxide *  Chloride
Cu, 1336 430 dec 1690
Curg 1212 500 dec 1000(?)
Snyy 1630 -33 - 115
SnII - 247 - . 652
FeII 1307 677 3414 1074
FeIII 1465 304 dec 334
Mgy 2825 ' M7 3200 1416
PbII 900 - 495 1516 - 950
Cory 1808 730 . dec 1050
Crypp 1990 - 3000+ 1300
dec = decomposes ‘ e

There are very few new pyrometallurgical processes which can treat refrac-
tory ores successfully, some of theé; appear prbmising(1) but the only
recent majoraadvancé in cépper production is the development of the segre-
gation process(2'18).

In this process , the ore (1-5% Cu) is heated together with smell amounts
'of alkali chloride (0.1-1.5%) and a carbonaceoﬁs material (0.25-1.0%) such
a8 coal or coke, After a few minubes at 700_80000 the coke is.covered with
particles of copper which can then be recovered by flotstion. The process
was discovered by accident in 1923 by Moulden and Taplin who were trying
to reduce in situ a Chileanvcopper oxide ore to meke it amenable to an
aﬁmonia leach, They found that when the ore was ﬁixgd with coél and heated

to 600-80000, the copper migrated to the coal surface. They explained this

from the presence of sodium chloride in the ore.
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(3)

Their original patent(z) 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

(3)

took place. A later patent descﬁibed 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 segrégation.
The first pilot plant'®*5) was put into operation at the Alaske mine in
Southern Rhodesia in 1929. It operated until June 1931 when the low price
of coppef forced.the miné to ciose. 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 & two stage process, but it
eventuélly had to close down, again due to low copper pricés;

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 sor£ of segregation process although a certain
quantity of regearch work was being published giving a clearer insight into

(19,20)

the mechanisms involved « However, in 1958 a pilot plant was built in

(7)

Mauritania to treat the gold bearing Akjoujt copper ore‘’'‘, but again the

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

(8)

and the plant closed down."A new plant is today treating the same ore

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

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

(12)

silver ore in Peru » The Anglo American Corporation built a pilot plant

(13,17)

at Rhokana in Zambia which incorporates an outer fluidised bed

heating reactor which overspills hot ore into a central segregation

(14-18)

chamber into which the reagents are added., The commercial plant
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(4)

separates the two chambers and has the fluidised heating chamber feeding
hot ore continnously 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 Réy(19’20)
and is divided into three major stepsi-

1. Initiation A halide, usually salt, is hydrolysed by water in the pres-
ence of ﬁhe ore constituents such as silica, alumino-silicates ete, to

produce hydrogen chloride gas;

x.510, + 2.NaCl + H,0 = Naao.x.ss.oz' + 2.HClieeseso(1)

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

as the oxide) to produce volatile cuprous chloride;

n.0n20 + 2n,HCl = 2°(Cu01)n + nH0 RN -3

3. Reduction and Segregation Theﬂﬂydrogen agsociated with the carbonaceous

material reduces the cuprous chloride to form segregated copper which

deposits on the carbon particles;

(CuCl) - + 5eH, = nlu + MECL svevernvurncnscnceness(3)
One of the advantages of the segregation process is that hydrogén chloride
is regenereted and so can reaot‘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
§re§ but the major work being done is for nickel recovery(48"€o):

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,

FR R F R E SRR R R RN RE*
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CHAPTER I

Previous Work on Reactions Associated with the Segregation Process

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

The decomposition of sodium chloride by water vapour was found to be incre
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 increassed the sodium

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

(65)

and Deguelde studied salt hydrolysis in the presence of kaolin (Al

203’

28102) and isolated the product phase Na .A120 2SiO and a compound of

3°

thig phase and salt 3(Na .A1203,28102).Na01. Clrkov(6 ) found a range of

silicate compositions when salt was hydrolysed in the presence of silicaj

below 840 . Na S5i0 Na 5i,0. between 8T0 and 900 C and Na,_S5i.0, between

3? 275 2737
940 and 980°C,

This reaction, studied with specisl reference to the segregation process,

(19)

-wag agsumed by Rey to produce sodium gilicate Nazsio ° Diaz(32) bele =

3

ieves the ortho—91110ate Na 5i,0. is formed, Rampacek et 310(27) however,

25
state that ".ee 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 kaolinite A1203 2810 o2H 0

reacts with salt to produce the alumino-silicate Na ,Al,0..25i0, and that

A

moisture is not & neccessary reagent, Rey has stated that alumino-
silicates are more active than gilics and that the presence of iron and
manganege oxides also help because of the formation of sodium ferrite and
manganate respectively, ‘

More recent studies by Hanf and 8019(68’69) of the hydrolysis of salt in
the presence of silica, conélude that above a temperature of ébproximately
700°C, the primary end product of the reaction was a glass of approximate
0.23i0

composition Ng o which contains some dissolved NaCl, They found that

2



(6)

the partial pressures of hydrogen chloride generated during the initial

gtages of reaction are much higher than those predicted from equilibrium
constant values,and they reason that this is because the sodium silicate
formed is soluble in the quartz ta a small extent thus lowering its act=

ivity. Thus they state that the reactionse

+ H,0 = Na_.0.,x,S5i0

2 2 2

20aCl + x.SiO2

+ 2HCL .iuveneoo(t)

where x is equal to two, is the most prominant,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 inmed-

iately replenished by the hydrolysis reactiom.

(v) Chloridisation of metal oxides and ores

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

well reviewed(7o’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(46347), It is

only a segregation process which aims to reduce the chloride to the metal
not in situ, because this seve;ely hindeés further extraction, but on the :
éoal particles,

In all copper segregation plants salf is used as the chloride generating
agent mainly becaunse of its low cost. Some ores, due to their included
chloride, such as atacamite (CuZCl.(OH)3) need no salt additions for

(21)

segregation to take place » A mixed coppér oxide/sulphide ore was subject

to segregation tests with various halogen bearing reagents and it was

found(31) that with a siliceous ore CaClQ,MgClz,NaF,KClO all gave as good

3

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

2
well as salt, Sziklavari(3®) chloridised both Cu,0 and CuO with calcium
¢hloride in the presence of a ferric salt and/or silica, He found that

the presence of either Fe,,; or silica, or better still both, gave much



(1)

improved éopper recoveries, Neumann and Schlechton(73) studied the chlox-

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

2
of A1203,8102 and 3203 each increased the degree of chloridisation, 00012

(52,74,75)

has been suggested as a possible intermediary for chloridisation
reactions,but ifs thermal instability must exclude it frém serious consid-
eration. Tﬁerefore, as a chloridising agent for copper segregation salt
has many equals but in commercial production economics insist on its use,

In nickel segregation, although chlorides of Ca,Na,lg and FeIII can give

good results(54), many workers(49’51’53’60’78) agree that CaCl, is a

‘better segregation agent than salt; this does not preclude the use of salt.

in nickel segregation(55'57’76-80)° Indeed some workers(sa’sg) use hydrogen
chloride as & chloridising agent.

In copper segregation however, it is accepted that hydrogen chloride which
is produced by salt hydrolysis, reacts with the copper minéral (represented

as Cu20) to form gaseous cuprous chloride s

n00u20 o+ 2n;HCl ™ 2°(CuCl)n 4 noH20 0-00-003000000(2)

Chaleroux et a1(79) contend that cupric chloride (Cu012) can be formed by
the reaction of hydrogen chloride with cupric oxide,but IVanshentsev(ao)

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

Brittan(44) however conterids that in a segregation chamber, with sufficient
carbon monoxide present,.any cupric oxide is reduced to cuproﬁse In the
absence of carbon monoxide however, he found that a stoichiometric equi.
valence exists between fhe copper reacted and the amount of hydrogen chl-

(81)

oride consumed, This is in agreement with previous work and corresponds
to the reactiont=

2Cu0 + 2HCl = 2.CuC1(1iqﬁid) + HO + 20,

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

gaseous cuprous chloride, unless of course, the equilibrium partial pressure



(8)

of cuprous chloride is exceeded, in which case some liquid cuprous chloride

would be expected,

(0) Thermodynamics of gaseous copper chlorides

Solid cupric chloride (Cuclz) is unsteble and decomposes to cuprous chloride
(CuCl)nand chlorine, According to the figures quoted by Wicks and Block(az)
this reaction generates one atmosphere of chlorine at 810°K, Hammer and

(83)

Gregory 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 equilibriumie
Log,, Pny (mmHg) = 12,741 = 8672.0°1 (T in °k)
10 “C1,
-1 )
and Log10 PCuClz(mm Hg) = 12,941 = 10,119, (T in K)

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

(85)

Polyachenok states that oupric chloride vepour exists as dimerio mol-
ecules,

qurous 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 Cu,Cl.. For the reaction:=-

377°3°
X
xJHCL 4 X.0u = (GuCl)x + E,
they calculated the equilibrium constants K1,K2,K3 for x = 1,2 and 3. They
found that as K2 wag negative, Cu2012‘was not a prominant species, and

therefore for the reversible reactiont-
CuCl = 0Cu.Cl
) “37%3 ()
they found that;-
AG = =126,400 « 12,51 T logl < 104,7 T

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

the formation of the trimer molecules, wherecas at high temperatures, the




(9)

nonomér becomes the species of importance, Wong and Schomaker(86) proposed
& planar sixemembered ring structure for the trimér on the basis of- their
diffraction studies.

However, the existence of a t.etramer (Cu401 4) in the vaﬁour phase below
the melting point(87’88) and abmre(85 ) has been verified and Mielcarski(89)
found that in transpiration experiments with argon, the molecular weight
calculated corresponded to a hexamer (0116016),which he proposed existed
as a dimerised trimer (Cu3013)2. Even so, when the carrier gas was changed
to nitrogen the molecular weight values indicated that a tetramer was the
vapour species., Federov and Shakhova.(gc) concluded from their saturation
and boiling point experiments that above 475°C cuprous chloride forms triple
molecules in the vapour, and below thig temperature there is fuither -
asgoclation with the formation of the six-fold molecule Cu6016. Hildenﬂand

(91)

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

Gregory in their vapour phase sbsorbance work acknolwl.edge the existance

cuprous chloride from the zinc blende structure at 4o7°c to a wurtzite
structure which then persists to the melting point at 42400;

Thus experimental work concerning the structure of cuprous chloride vapour
((311(}1)x suggests that the polymai 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 t= - .

(1) 4Polyachenok(85) in 1969 quotes Log P(torr) = 5.046 = 4403,T"7 (T in °K)
(2) Federov(9o) in 1961, linear regression of his results gave in the |
temperature range 673-1073% Log P(torr) = 6.408 - 5209,

(3) Hammer and Gregory(é3) in 1964 quote Log P(torr) = 10,290 « 7574.T
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) = =AG/2.303.R.T which reduces to , in the temperature



(10)
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(11)

range 1000-1350°K Log P(torr) = 33,66 = B8.053.log T = 8275.1"1

(5) Tarazenkov(92) in 1935, linear régression analysis of his results for
the temperature range 900-1300°K gives Log P(torr) = 7.587 = 6459.,1"1
(6) Mielcarski(89) measured at 1073°K €0u01)330'2 torr

Three points have been taken from each of these worker's results at the
upper, middle and lower part of their temperature ranges,and a linear

regression analysis was performed on all these results to give 1=

Log,g P(torr) = 6.354 = 5276.0° %025 .ceeeerenensa(30)

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

(d)Reactions of cuprous chloride with other reagents of the segregation pfocess

(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
fali off with increasing Qalt edditions, This effect has been noted and
studied(78’81i93’94) and is thought to be due to the solution of cuprous
chloride in liquid sodium chloride which thus reduces the vapour pressure

of cuprous chloride,

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

chloride on degassified graphite at 750°C. Hadjiat(®!) also fownd that for
pure graphite and even for degassified charcoal in & dry,inert gas flow,
there was no redﬁction of ouprous chloride vapour by cqrbon atoms in the
femperature range 600-80000. This is only to be expected,due td the thermal

instability of carbon tetrachloride. Similarly, COCl, exhibits thermal

2
instability although it is considered by some to play some sort of role
as & possible chloridisation agent(52174:75)

(3) Water Vapouxr 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 ®2) nowever it can be calculated that the equilibrium constent
for the reaction at 700°C is about 1x10"4, |
(4) Eydrogen Seversl authorst95=191) pave studied the growth of copper
from & 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 beside§ the formation of equi=-
axisl crystals, hair-like crystailine aggregates developed on the copper
surface at temperatures higher than 700°C° The structure Qf the copper
deposited from cuprous halide vapour redustion by hydrogen, has been extenw
sively studied by Huber(96). A copper deposit was obtained by using two
experimental techniques t=-
(I) Hydrogen was reacted with cuprous chloride vapour trénsported through

a tuyere by an inert gas.
(11) 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 ooccured, Most of the melt was transformed into
a spongy mass of copper crystals, The zone above the melt eorresponds to the
inner portion of the mi;ing zone, In both cases the filaments of copper
were of two kinds - |

1. Fine filaments often very much ramified,the diameter of these

individusl filaments was a few microns.
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2. Rod shaped,straight or bent sometimes screw shaped.copper crystals,
their lengths Tanged upto 1 om, and their thickness 1/10 mn,

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'endothermié 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 ,

then the supersaturation of the copper vapour has to be 104 to 106 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

(99)

,no whiskers would have been formed, Coleman and Sears

supersaturation,

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

whisker surface and subsequent reduction at the tip might be the mechanism,
(97,98)

Brenner 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 st the tip of the whisker, He verified
that & 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,

(100)

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

(101)

diffraction studies,and Yamamoto et al 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(1oo)
obgerved 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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Hdber(96) in as much as he observed two distinct zones of.copper deposits
when cuprous chloride vapour is jettgd-towards a substrate over which
hydrogen is flowing., In the inner zone two types of growth were noticed;
I, fine orystals forming a thin coating and II, branching filaments perp-
endicular to the surface, The filaments were about 5 microns in diameter
and up to 1 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

H2 HC1

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

the two zones from the P, / P ratio, when P, is low, i.e, P ./ P
B,/ “HC1 ’ B,

when P is high i.e. P, / P . is very large , dendritic growths are favourei.
HZ HZ HC1

************************************************

It is considered that the cuprous chloride vapour in a TORCO segregetion
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,there follows a brief summary of the
present knowledge of some carbonaceous materials, of their volatilé content

and of their reactions with water vapour,

I3 JE9E 36 3 3 3 I I I 36 36 3 6 3636 63 H 6963 36 6 I 3 36 I3 3906 2 0 I I3 X I K%
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CHAPTER II

Previous_Work on the Reactions of Various Gages with Carbong

(1) The effect of thermal treatment on carbons
(a) Gas Evolution Konchesky and Steyarthoz) passed coal and steam in

varying propoirtions into a reaction coil held at various temperatures and
enalysed the gaseous products, They found that coal volatilises rapidly and
about 70% of the volatile matter evolves within 0.6 seconds at 85400. De-
volatilisation then continues at a slower rate while the fixed carbon COmp-
onent in the char or in the partially dévola.ti:lieed 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,
Etnnlett(1o3 ) s When degassing various coals and charcoals by heating them
to 1200°C, found that 0.5-1.5% by weight of hydrogen was evolved end that
for a steam activated coconut charcoal, the velatile matter consistgd of
38.5% hydrogen, 58% carbon monoxide, 0.6% methane, 0.7% carbon dioxide and
2,2% H,0 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;ﬁ€H20. He also found that coal and charcoal only produce significant
quantities of CO, (20%) on heating to 1200°C when they have first been ex-
tracted with HF; 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 evolvéd when heated from room temperature to 1200°%
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 4%,
Interesting work has been done by Sharkey and co-workers(1o7’108) 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



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

(2)

(16)

of various atmospheres on this reaction. The results of theii work on various
coals showed that acetylene,not hydrogén, was the piincipal gaseous product,
Also, they found that the inert atmosphere had & considerable effect on the
compogition of gaseous products from any one coal type.

(18) .,
copper segregation and it was found that in general that the volatile cone
tent should be between 6-20% and the coal should have a high specific

surface area.

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

of coking coals increased with carbonisationVtemperature and reached a
paximum at about 600%. 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) qlso
found this effect when heat treating coals above 85000. He found that the
micropore volume began to decrease at about 900°C when calculated from the
measurements made with caibon tetrachloride, but when carbon monoxide was
used, the micropore volume apparantly stayed conétant 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

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

Jarecka
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 carboms

exhibit molecular sieve effects.

Gas Chemisorption on Carbon Bangham and Stafford'1%%) 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(11o’111) also observedthat hydrogen is adsorbed as
atoms and that the same atomé always desordb to giée back the hydrogen
molecule. The activation energy for hydrogén chemisorption was found to dbe
between 22 and 33.8 kecal/mole as the fractional surface coverage was incr-
eased from zero to 0.3, Kingman'1"2) 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 39500 the activation energy
for chemisorption was 30 kcal/hole 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 rahge 600w
750°C and the activation energy for adsorbtion varied from 10 - 33 kca}/

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 {OOOOC was reactive in
the undissociated state., However dissociated hydrogen was reactive at 700°C
upwards and nitrogen at 1000°C, It has been kmown 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 plene imperfections :- vacancies,edge
andvscrew dislocations, and vacancy clusters, Therefore in adsorbtion
experiments only the reactivity of strong or active sites is measured,

Thg 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 cow
workérs, in their studies on the chemisorption of gases on a wide variety
of solid surfaces, found thai; their Elovitch ploté {q - g-.ln(1 + 8 oct)
where q 1s the amount of gas sbsorbed in time t and a and o< are constants}
of their results , showed breaks and abrupt changes of slope. They attribe
uted this behaviour to absorbtion on different types of site.’

Walker and co-workers(11e’119)

s while studying the chemisorption of oxygen
on carbon between 100 and 57506,'observed that chemisorption involved more
than one type of site, Also in their studies using graphoq‘(a highly purie
fied form of carbon){290121) 1 4ne temperature range 78 o 160°C, they
concluded that chemisorption takes place on five different types §f active
site. However in their work with hydrogen(122) on graphon in the tempe:ature
range 100 to 600°C, they cbserved 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 cerried out at a much higher temperature eg. 700+°G. 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 cerbon atoms wouid be expected to have different potential
energy configurations dependent on these spacings between carbon atoms,
Puri end 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 obloride vapour and subsequent deposition of copper
on the coke., It is well known that coke,coal #nd charcoals can hold many
times their own iolume of gas, Emmett(1o3) has shown that when steam acti-
vated coal is heated from 900 to 1000°C, typioally 35.3 oc measured at NTP

of hydrogen are evolved per gram of sample,
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(3) Reactions of steam with carbon 4

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 > CHAR + Volatile Components
(FC & VM)  Thermal decomposition (FC & residual VM) (tar,light 0i1,H,0,H,
00,C0,, H-C Gases)

Ja.Thermal cracking

Volatile components + H20 —> CO + CO2 + Hz + EZO + H»(C Gases

Thermal cracking

2.5team-Carbon Regction

CHAR + H,0 —> CO + H, + residue of gasification .eeees(4)
(FC & residual VIf) (residual FC & VM)

3.Water Gas Shift Reaction

0 == co

C0O + H o

2 + H2 L 0 2 BN BN BB O BE N BN B B BN AN 3N B (6)

(125-138)

Many workers have found that the primary reaction products of steam

and various forms of carbon were hydrogen and carbon monéxide produced by t=

C + H20 _—‘+ H2-+ CO .oaaoonloavonaocc.oe(s)

They also found that excess watér vapour can react by -

JR— Y .
CO +“ H20 -~ 002 + I{2 01000-00010-00-0-00(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 :-

002 + C —> 2,00 .oc"colo.o‘ooonoo'o-000;0(7)

(4) Mechanism of Steam-Carbon Reactions

(116)

Long and Sykes proposed,that when a water molecule comes into contact
with s carbon surface it forms an adsorbed hydrogen atom and an adsorbed

hydroxyl radical)which subsequently breasks down into an adsorbed oxygen atom

and another adsorbed hydrogen atom, The hydrogen stoms then combine to form
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an adsorbed hydrogen molecule which can then desorb, The adsorbed oxygen
atom leaves the carbon surface mich more slowly but when it does it leaves

a8 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 monoxi&e |
on desorbtion,whereas hydrogen adsorbs and desorbs as hydrogen, This does

not preclude the formation of a carbon hydrogen molecule,but Thomas(137) in
his review of carbon reactivity states that at 800°C the rate of reaction

of carbon and oxyéen ig 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(134)

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 te
H2O + cf T ——— H2 +co ooooooooc.ooonooo.oo'ooo(e)
Equilibrivm constant K, = (Hz).(co) / (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 :=~
co'—“‘“} CO + nocf L N R N RN 9100(9)

where n is an integer of value 0,1 or 2 when aniddividugl site ig congidered,
statistically n can have any value between O and 2, If n> 1 the number of
regetion sites increases with gasification end the solid becomes more re-
active, if n = 1 the reaction rate will remgin congtant during an experiment

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

active with gasification,
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Carbon dioxide can also react with an unoccupied site generating a molecule

of carbon monoxide and an occupied site:-

002 + Cf;;CO’F Co .'.0...0..0'.'.'..0..'.......Oo.(1o)

Equilibrium constant K1 = (CO).(CO) / (C02)°(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 + Hzor_coz + H2 oooooonoooooooooooo'oooo'otooto(6)

Equilibrium constant K. = (002).(H2) / (CO).(HZO)

Thus K2=K6.K1 (I ANEEE A ENNEN ENRESEENENEENEREEENNIEREN N R 00(11)

Ergunt 134)

measured Kz“values for steam-coke reactions and found that these
values agreed quite well with K, values obtained from calculations based on
carbon dioxide and carbon reactions (K1) and the water gas reaction (KG)J
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 K1 values for three different types of carbon and found that
the agreement was very good. Since his theory unifies the mechanisms of
both reactio;s it is named the 'Unified theory'.

The problem confronting most workers is the nature of this surface oxide,
ie the nature of C o Shelef and Walker(139), having discovered five types

of chemisorbtive behaviour for axygen(118’119)

s postulate that there are
two basic types of gurface oxide, the firgt is formed on sites which are
exceedingly sensitive to contamination and posses a high reactivity ie. &
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,

(140)

Mentser and Ergun studied the kinetics of oxygen exchange between

carbon dioxide and carbon monoxide on a carbon surface and found that the
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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 e double bond between an oxygen atom and a surface carhon

aton,

(5) Kinetics of Steam-Carbon Reactions

25) |
The empirical rate equation first postulated by Gadsby et al.(1 5) in 1946

was that s-

k1PH20
R&te = e n.cocco.;oyoo.oo.onoog.o.’o(ZZ)

1 + k)P + kP

2 H2 3 H20

where k1,k2,k3 aré constants end P sgignifies bressure .

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 equa%ion obtained descrihes the oxidation of carbon by
carbon dioxide., The equation is still bheing used at present(135’137) to
adequately describe rates of carbon gasification reactions. However more
‘gophisticated equations are used by Turkdogan et al.(141'145) in their work.
on the kinetics of carbon-carbon dioxide reactions using coke,charcoal and

(142)

graphite, Turkdogen proposes that the difference invreaction rate of

the carbon types is due almost entirely to the difference in internal area.
Ergun(132’134) in his unified theory, argues that the surface oxide;06>formed
during the water vapour reaction is exactly the same as that formed from COZ‘
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-

ignt which iz the activation energy for a reaction. Workers(146’147) have

obgerved maxima in Arrhenius:. plots for carbon gasification whereas other
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normal reactions give linear plots,. Strickland-Constable<146) attributes
this phenoménon to an oxide which can exist on the carbon surface beyond
1000°C whereas the commonly accepted oxide is only stable up to about 90000.

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 understood,therefore'it comes ags no surprise to find
that the catalysis of this reaction is even less well understood.

(148-150)

The reviews are summations of previous work,without any real atiempt
to make definite statements on proposed mechanisms, Walker et al.(150) howe
ever, do » place the theories of carbon gasification catalysis into two groups,
the oxygen transfer and the electron transfer groups.

(151)

a. Oxygen trangfer. This mechanism was first advanced by Neumann et al.

in 1931 and can be represented as 1=

RO + 002—-—}110.002 then RO.CO, + C—3> RO + 2C0

2
where RO represents a metallic oxide. Even so this chemical mechanism does

~ not explain in what way the non-catalysed mechanisms asre 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 pasrticle
perves as an aétive chemisorptive centre,

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

ailed attempt to formulate an electron transfer theory. They summarise the
mechanism as follows $-

1. The catalysts influence the generalnenergy 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 gbtom is adsorbed at such a site, two types of distribution

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

less energy to break the carbon-carbon honds to release a CO molecule,
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(a) (b)

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

4. The action of the catalyst is thoﬁght to be such as to induce type (b)
distribution of the T electrons; therefore, the aétivatioh 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. éhe first stage of gasification will also be facilitated if the oxygen
is attached to the carbon atom by a double hond,

T+ The mobility of T electrons provides a means whereby catalysts situate@ﬂ
at vgrious poiﬁts in the carbon lattice may influence events a£ the active
sites,

8. The probaple 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 caltalyst need not be gituated 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 exple
ained by>arguments of catalysis on semiconductors. Thus wustite should be

a catalyst because of its metal deficit structure, while the metal itself (F.)
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is not supposed to have any catalytic activity.
Therefore,the Long and Sykes theory predicts a decreasse in the activation
energies of both the adsorption and desorption steps. It limits the number
of active gites, even in the case of catalysed reaction, only to those corre
esponding to edge carbon atomsg, It does not explain the effect qf catalysts
on the bagsal planes. It excludes metals as the active catalysts:
Rakswarski(153) however, extends the apparent validity of the Long and Sykes
theory to include metals, hig arguement is that the transition metals with
unfilled 4 bands do satisfy the basic requirements of serving as electron
acceptors and hence are capable of forming surface carbon-metsl type bonds.
The experimental evidence supporting both theories is 1arge;hoﬁever
below are summarised the principal catalyste for the gasification reactions,
Reaction 5 $= Na and K oarbonate3(13o’127), Cu0(154), Cu012(155)o

0,12
,03» a0 and Na2003(13 »127)

Reaction 7 i~ Fe203(127’156), Fe304(156), cal130), ¢2(157) po(150,157,156)

Co and Ni(150,157,158)°

Reaction 6 :- Fe

Inhibitors of veaction 7 are B and P found by Raksawsli et al.t’99), The
only result here of real importance is the work of Kislykh and Shishakov
who found that the uncatalysed esctivation energy of activated charcoal in
the temperature range 680-73000 was 48.7:kca1/mole and when the charcoal
was impregnated with 1% CuCl2 solution this value was lowered to 44.2 kcal/
mole, Kroger and Melhorn®'9%) found that of the metal oxides, Cuo had bhe
greatest catalytic effect on the oxidation of graphite by watef vapour; fow
llowed, in decreasing order of activity, by the oxides of Cr,Ni,Fe,U,T1,Mn,
Co and Al, Alkali carbonates were the most active of all catalysts and, in
decreasing order of activity were i~ K,Na,Rb,Cs and Li,

(125) show that hydrogen strongly

In terms of anto-catalysis previcus results
retards the forward resction of 5, and CO strongly retards the forward re-
action of 7. The forward resction of the water gas reaction 6 is retarded

by hydrogen and to a lesser extent by 002, the reverge reaction is retarded

by steam but is unaffected by CO. Montet and Myers(j35?'found that the app~
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érent activation energyof the steam-carbon(graphite) reaction varied with

water vapour concentration, they slso found that at a water vapour concen-
tration of 22,000 pym, the activation energy Ea was =68 kcal/mole,but when
the water vapour concentraticn was lowered to 250 ppm then Ea increased to
~109 koal/molo, 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 én the surface.
(136)

Montet and Myers digoovered that & concentration of hydrogen of less
than 1 vpn inhibits the water vapour reasction to an appreciable extent and
they attribute this to the dissociative adsorption of hydrogen, thus the
apparent activation ensrgy increases with hydrogen concentration since it
is hydrogen which blocks the active sites,

Thug,as regards the seéregation processvit 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 surface,but the reduction of cCuprous -\
chloride would remove hydrogen from the active sites,

As far as ig kmown hydrogen chloride has no effect on steamn-carbon reactions,

(160)

Iapaiucci and co-workers in thelr work on chlorine containing coals
conclude that the chlorine content of a coal is practically sll evolved as
hydrogen chloridegonly at temperatures above 2COO°K does C1 (npt 012) become
a contending specieg, Alsoywhatever its nature,the chlorine has no effect on

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

osive nature of the stack gases.
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CHAPTER 3

EXPERTMENTAL WORK

This chapter is divided into five sections. Firstly there is an iﬁtroduotion
which explains the aims of this work as a whole and its relevance to the
TORCO process., Together with this there is a brief résumé of the experiments
performed with an explanation of the reasoning behind, and objectives'of
each experiment, There follows a sumnary of all the experiments and majoxr
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 esch
experiment together with a detailed discussion of each experiment within its
own context, |

(a) Introduction

Thé primary objective of a TORCO process is to remove copper from the ore
matrix, via a gaseous chloride, and to accumulate the reduced copper info
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 fPrther 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 meter-
ial, recovery by flotation would be low,

The object of this work was to discover the optimum conditions for copper
nucleatiﬁn 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 s 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 1% and so
this was tﬁe main value of water vapour partial pressure used. From the
previous work it is found that the principal reaction producté qf 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 énalysis of
the exhaust gases. For maximum sensitivity of the chromatograph towards most
of the product gases, helium was used as the inert gasjhowever this did mean
that the instrumengs sensitivity towards hydrogen was reduced,

An initial experiment A, 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 seme system., The effect of the latter
action was to suddenly,but briefly,liberate 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 1000°C for several hours to reduce the amounts of
hydrogen and carbon monoxide being evolved to a minimum. Thus degassing at
100000 wags a standard pre-treatment for %he various carbons studied in the

B series of experiments. In these, the effect of temperature was studied with
reference to the steam-carbon reaction snd it was found that each system
achieved a steady state,but 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
mags balances in each case indicated that the product gas analyses were
congigtent with the stoichiometric reduction of water vapour, Also it appearéd
that gas residence time was an important reaction parameter., The C serieg of
experiments were performed to study the effect of temperature on the steam-
coke system at a longer gas resi@ence 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 gystem approached thermodynamic equilibrium more closely than at a 10%
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 gpecific 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 fer 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 temperatqre and to facilitate the study of this effect the coke was again |
degassed at 100000. The principal results were that the steam-coke reaction
was slow %o achieve a steady state condition and that there were sub-reactions
invoived in the process since the instantaneous mass balances were inconsistant
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 gystem 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 consgidered 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 cxperiments H and I coke was init-

ially heated to 15000 to duplicate the drying operation of a TORCO plant and
then the temperature of the coke was rapidly reised to 85000 as in fhe top

of the segregation chamber. The effect of salt and water vapour oﬁ 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 85000 and these quantities were
small compared to those of hydrogen,but the presence of water vapour increased
these quantities of carbon monoxide apd methane by reaction with the coke. The
pfesence of salt in the system catalysed to a small extent these carbon mono-
xidé and methane producing reactions. |

For purposes of comparison, charcoal was treated in a similar manner in exper=
iment J but in the absence of sa}t and watér vapour. It was found that charcoal
produced more hydrogen per gram of sample than did coke. Two and & half
hours after temperature rise initiatioh,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 experimentg H and I was that

nitrogen was evolved on heating a coke bed to 85000. The X serieg of exper-

-iments were performed by subjecting the coke bed to various pre-treatments
prior to the temperature rise to 85000. From these experiments it was found
that the nitrogen existing in toke 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 L salt was reacted with hydrogen in the'presence of silica and

it was found that hydrogen chloride was produéed,but that the amount was
insignificsnt, .

Having discovered that the volatile content of a coke is the major soufde of
hydrogen in a TORCO system which contains 1% 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 apparatﬁs in experiment N to generate various

partial pressures of cuprous chloride in a steaq/aegassified coke system , it
was discovered that no cuprous chloride was reduced on the coke surface, Insteed
the cuprous chloride had been reduced by gaseous hydrogen on the nearest surface
to the ampule;which wes the‘reaction vessel's walls. By aﬁalysis of the product
gases it was found that there was a discrepancy between the amount of hydrogen
generated from water vapour, calculated from an oxyeen balance, and the amount
of hydrogep 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. VWhen
this occurs,it was discovered that the deposition of copper is non specifiec,
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 syétem.

It was decided, therefore, that other sources of hydrogen for cuprous;chloride
reduction should be considered,

The O series of experiments were perfofmed. in order to discover the amounts of
hydrogen that staﬁly existed on a coke surface at reaction temperaturés and

whether this hydrogen ,once removed, could be replaced by reaction with water
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vapour, On heating untreated coke from reaction temﬁeratures of 750,800 and
850°c to 1000°C it was found that the ratio of hydrogen to carbon mono?ide
released varied from 4.5:1 to 2.8:1 . However when heating water-reacted de-
gassified coke from the reaotion temperatures to 100000, the ratio of hydrogen
to carbon monoxide produced varied from 1:4.2 to 1:4.6 . I£ was also found that
the hydrogen inherently contained on an untreated coke surface was more plent-
iful than the hydrogen that couid be generated on a coke surface at the same

temperature,The ratio of hydrogen from unteated coke to hydrogen from the water

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

Therefore,in o;der to nucleate copper growth on a coke surface,the P series of
experiments were performed'in which untreated coke,in a diy 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 périodic sampliné‘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 O series of experiments had indicated. The O experiment at
75000 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 h&drogen reacted at a constant rate with cuprous chlor-
ide generating a constant partial pressure of hydrogen chloride, At 750°C,A
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.ccntained-hydrogen :
coke'could‘reduce the chloride on the coke surface, but that the quantity and
reactivity éf this hydrogen rapidly decreased with increased reaction temperat-

ure.

The experiments and major results are summarised in the following table.



TABLE 2 TABULAR RESUME OF EXPERIMENTS (for legend see page 34)
Exptl |No. of Bed/ﬁeight in T1 % T2 ° H20 % Other Res,Time Comments and Results
series| run gme addtnas seconds
A A1 ck/2.3 vaerious 700 0.1,0.3 - 2 hydrogen and carbon monoxide mein products
A2 ck/1.6 1000 various 2 CuCl L CuCl frees adsorbed gases, water redn., incomplet
B B41,2 ck/2.3,gr/1.8 3 steady state achieved but not thody equilibrium
B34 |c1/2.4,ch/1.3 | 1000 | verious 1 - a order of reactivity low gr,cl,ck,ch high
c €1 ck/10.5 1000 | various 1 - 17 higher reactivity at longer gas residence time
D D1,2 ck/10.5,ch/5.9 . all reactivities increase not only with temp but
D3, gr/8.2 1000 750 1 = Various |.ith gas residence time, 002 from coke exception
E E1,2 ck/2.3,ck/10.5 1000 800 1 - 217 H2 and CO adsorbed during initial reaction of Hé)
7 F1,2 ck/10.5 1000 800 1 O.1,1.Q% Cu 17 copper powder little effect on initial reaction
¢ 61,2 |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 I1,2 ck/10.5 150 150 - 850 0,1 0.5% salt 17 salt has little effect on hydrogen produced
J J1 ch/5.9 150 ({150 - 850 0 - 22 charcoal produces more hydrogen than coke gm/gm
X K123,4 ck/10,5 150 150 = 850 0 - 17 sources of nitrogen from coke are chemical
L L1 |5 cm of salt 0 750 0 1.1%;H? - salt + H2+ silica generates small HC1
M ¥1,2 | copper 0 various 0 chlorine - CuCl vessel designed,Cu + Cl, incomplete
N N1 ck/10.5 1000 750 1 various CuCl 17 saseous H, reduces CuCl, vp of CuCl measured
0 01 ck/10.5 700 }700-750-1000 o) - 17 inherent H, on coke cannot be replaced by reactn
02 ck/10.5 750 |750-800-1000 0 - 17 with water vapour at same temp,hydrogen to carbo
03 |ck/10.5 800 |800-850-1000 0 17 monoxide ratio from untreated coke high, ratio
04 ck/10.5 1000 700-1000 1 17 from depasged coke after reaction with water vap
05 |ck/10.5 1000 750-1000 1 - 17 low,carbon monoxide sources on untrested coke
06 |ck/10.5 1000 800-1C00 1 - 17. |much more stable than hydrogen sources wrt temp
P P4 ck/10.5 o) 750 1 varioug CuCl 17 water vapour reacts with CuCl
P2,3,4 ck/10.5 0 750,800,850 0] fixed .CuCl 17 inherent'HQ reduces CuCl on coke surface

(€€)
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Legend of the tabular résumé

ok = coke, cl = coal, gr = graphite, ch = charcoal
T1 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 -Teaction tubes used were of three types s= Mk I, Mk II and Mk III (gee
figure 3). Mk I was replaced by the wider bore Mk II because it was realised
that the cuprous chloride ampule (see figure 3) would not fit inside a Mk I
reaction tube, The Mk III was designed to prévent the back diffusion of
hydrogen from the coke bed.,

The helium was purified by passing it through a furnace containing copﬁer
oxide at 600°C to convert hydrogen and carbon monoxide to water vapour and
carbon dioxide., The gas was then passed through 'sofholite' 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 sievesto
remove any traces of hydrocarbons. The gas train so constructed, produced one
flbw of purified helium for flushing purposes and another purified helium flow
which could be passed thréugh 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
thrdugh a copper coil held in the water bath. The water bath was controlled

to 7°G ¥ 0.01°C and it was verified that the helium became saturated with
water vapour at this temperature.

It was reglised that if the product gases were'310w1y 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

zond below the charge. The furnace was specially designed and built by the fur-



FIGURE 3, Reaction Tubes and the Copper Chloride Vessel
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FIGURE 4.

THE HELIUM PURIFICATION TRAIN
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nace department of the 'Amalgams Co, Ltd.'to give a long constant {empera-
ture zone extending for as far as possible telow the central constant tem~
perature zone.(seé fig. 5)e The furnace was controlled by a BEurotherm 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 t:1900
The exhaust gases from the reaction tube (see fig. ) 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 figo 7).
The automatic titrimefer consisted of a calomel and a glags electrode which
" measured the pH of the cell, A subsidiary unit operated the stirrer
“and the solenoid switches of the burette, The pi 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 NaCH solution to restore the
set p, A constant level device was built into the titrimeter cell in order
tq keep the volume of liquid constant. It was assumed that when either HCL
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 serieé 104 model 34 consisting of an
isothermal oven containing a katharometer detector, The oven temperature
was controlled to % O,OSOG by the hot air circulation system operated by
column oven controller which was set to 10000. The katharometer power su=
pply also émplified the output and this signal was fed to a Kent Chromalog
III integrator and to the Smith's Servoscriﬁe 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
gseconds, A three foot poropak S colum 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 wag passed thr-
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FIGURE 6. THE FURNACE AND THE INLET AND OUTLET GAS MANIFOLDS
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FIGURE 7 ARRANGEMENT OF CHROMATOGRAPH AND AUTOMATIC TITRIMETER
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ough molecular sieve 13X to remove moisture, carbon dioxide and hydrocarh-
ong., 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.%).
The sample injection valves (see fig. 8) were nominally 4 ml for the porpsak
colum and % ml for the molecular sieve 54 colum. The volume of gas inj=-
ected was thus constant for each column and the chromatograph was calibr-
ated using thése size sample loops.
The floﬁmeters were all of the capillary type.and were calibratéd with
oxygen at 25°C° The manometers were filled with di-butyl phthalafe and the
blow-offs contained sulphuric acid.
The technical specifications of the equipment used appears in appendix 4.
(¢) Accuracies,
Using the above system for gas analysis when calibrated gave the following
sccuracies for gas concentrstion measurements te
For C0,C0, and H,0  above 5,000 ppm error 1%  mean
1,000 - 5,000 ppm error 255 "
250 - 1,000 ppm error 5% "
below 250 ppm  error 10% "
For hydrogen sbove 5,000 ppm error 1% "
| 2,500 - 5,000 ppm error 2% "
500 - 2,500 ppm error 5% "

below 500 ppm errvor 10% "

Other accurscies for weighing and for HCl measurement will be discussed in
the text,

(d) Materials uged

graphite Hopkins and Willisms synthetic graphite powder 99% +100 mesh

sugar charcoal ash about 0.,1% -22 +160 mesh

coké Ord, Johannesburg coke =100 4200 mesh
coal Generator Nuss V +100 mesh

cuprous chloride Analar more than 97% CuCl

sodium chloride  Analar more than 99,9% NaCl powder

copper electrolytically refined +200 mesh

helium after wurification all exce t nitro -en less than one “art in 107
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(e) Reactions studied.

Ao

G.
H,

I,

P,

Steam-coke reactions and the general effect of water vapour, temperature

and cuprous chloride addition. .

Steam-coke, coal, charcoal and graphite reactions and the effect of temp=

erature on the steady state.

Steam~coke reactions and the effect of temperature at a longsr gas resid-

ence time in the bed,

Steam-coke, charcoal and graphite reactions and the effect of residence time

in the bed on the steady state.
Initial reaction of coke with water vapour at 800°c,

Initial reaction of coke plus 0.1 and 1.0% by weight of copper powder at

800°C with water vapour.
Initial reaction of charcoal and graphite with water vapour at BOOOC.
Reaction of coke in a wet or dry helium gas flow when heated from 150—85000.

Reaction of coke with salt additions in a wet or dry helium gas flow when
heated from 150-850°C.

Reaction of charcoal when heated from j50—85OOC in a dry helium gas flow,

LEffect of pre-treatments on nitrogen evolution from coke when heated from
150-850°C,

Reaction of hydrogen with salt,

Methods of introducing known quantities of cuprous chloride vapour into

a helium gas strean.,

Effect of various cuprous chloride vapour pressuras on the sbteam-coke

reactions at 750°C.

Quantities of gases held on a coke surface in a dry helium gas flow and

after reaction with water vapour.

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 followéd 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 digcussion of the results as a whole.
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A. Steam-coke reactions and the pgeneral effect of temperature, initial water

vapour concentration and of cuprous chloride addition,
The primary object of the A series of expériments was to determine the
apyroximate guantities of gases involved in the variqus 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

decided to heat the coke bed in steps to 120000 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 folle
owed by lowering an ampule of cuprousg 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,

Experiment A1 A three centimetre bed of coke was held by a silica wool plug

in the centre of a Mk I reaction tube and was hested in a flow of dry helium,
) The furnace temperature was set for ghort periods at 200,400,800,1000 and
11000031t Was.then left overnight at 110000 and subsequently raised to 120000
for a brief period before being set at 70000. Gas analyses were taken at

each temperatvre, Water vapour at a concentration of 1260 ppm in helium was
then pagsed through the bed at 700°C,the effluent gases were analysed and
the water vepour 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 heliwm 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 dicxide and water
vapour being initially evolved were large but decreased rapidly with time,

At 40000 CH4,02H6 and other hydrocarbons were evolved, Hydrogen and carbon
monoxide were first noticed in large quantities at 800°%c but, after {if=
teen hours at 1100°C only carbon monoxide was being evolved and again at
120000 only carbon monoxide was evolved, When water vapour was first intre
oduced at 70000 y carbon monoxide and carbon dioxide were evolved in the
ratioc of approximately 2.7:1 (the equilibrium value isz1:1) and when thé

water vapour concentrabtion was increased the 00/002 ratio began to decrease
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and unreacted steam was detected for the first time. The unrescted ateam
concentratién rose steadily with time to sbout 50% of the incoming steam
_conoentration, When the temperature was raised to 800°C the CO/CO2 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 systenm, fhe reaction
vessel broke on removal from the furnace mainly because of serious devitre
ification of the silica where the coke had been in contact with it. Deposits
of tars end oils had taken place at the cooler end of the reaction tube

and off-white and brown powders were also deposited thére°

Experiment A2 A two centimetre bed of coke was held in a Mk I reaction

tﬁbein a flow of dry helium at 1000°C until the exhamst gases only conte
gined very small quantities of hydrogen snd carbon monoxide (less than

100 ppm). The bed temperature was then lowered to 800°C ;nd 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 & regidence 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 end the effluent gases were analysed for carbon
monoxide,carbon dioxide and hydrogen,

At the end of this series of experimentsKan 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 tempd from fig,5)

Results. As the tempersture 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 gpecies 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 values
are similar however the concentrations of hydrogen and carbon dioxide have
both slightly fallen,

The most interesting results however, occurved when gasebus cuproug chloride

was introduced into the system, Large increases in the concentrations of

. [
. r 4 v e
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ever this was only a transitory effect and the concentrations of hydrogen
and carbon dioxide quickly fell to their previous valﬁeso Carbgn 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 however,occurred in the methane
content of the effluent gases. During the period uwpto the introduction of
cuprous chloride, methane was present at an approximate concentration of
100 ppr but immedistely after the cuprous chloiide 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 frommﬁhe crucible and copper was observed to be deposited
on the uppermost surface of thé coke bed,
DISCUSSION

Experiment A1 The initial surges in the concentrations of water vapour

end cerbon dioxide when the bed was heated from 20%¢ o 200°C and again
from 2009@ to 400°C, guggest that these two gaseous species are not
strongly adsorbed by coke and are thus easily driven éff on heating, When
the bed was heated from 40000 $o 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 vapoux
 and carbon dioxide contsined by the coke, will be desorbed from‘the-surface
when the tempersture of the bed has reached 400000
The hydrocarbong, which were Tirst detected when the bed temperature was
raised to 4OOOC but were principally evolved bebween 40000 and SOOOC,
consisted mainly of methane with some ethylene,ethane and acetylené. These
were recognised from their relative elution times on the 'pofOpak' column,

When the bed was heated from SOOOC to 100000, of these, only methane was

detected and so when a coke bed is healed to 100000 the hydrocarbon products

are mainly evolved in the temperature range 400°C to 800°C,
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Carbon monbxide and hydrogen were first noticed when the hed temperatuge
approached 800°C and the.concentrations of each gas were high., Also aé
the bed temperature was raised from 800°C o 1000°C more hydrogen and carbon
dioxide weré detected,
Thus 4 this suggests that hydrogen and oxygen, held és co, are more
strongly'adsorbed‘than are carbon dioxide and water vapours,
The initiel higher-then-equilibrium value of the €0/60, ratio at the lower
~ water vapour pressure is thought to be due to the dominsnce of fhe privary
reduction of water ﬁapour by - 0
C o+ HQ = €O 4 E, aeierveerniernneninenaess(5)
over the secondary reduction of i .
O+ HO = €O, + H, .5{..;..ﬂ}.;.;.;.......(6)

" As the water vapounr concenfration rogse so the competitién for ﬁater.vapour
between CO and C lessened and the CO/CO2 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 priméry and secondary reactions and the dominance of the
primary was resumed and the CQ/002 ratio rose sharply as the unreacted
water vapour concentration dropped. |
The delayed appearance of hydrégen in tﬁe gas streesm, 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°Q:a steady concentratioh of’ carbon monoxide was observed in the
effluent gas stream, This is thought to be & 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 tw _

¢ + si0, = S810(4) .+ 00 eeeriiiniiiren.tn(16)

62)

From the>JANAF( tables it can be calculated that at 110000 at eqiiilibzrium

13 = = 1.5 x 1074 atmos,

co Psi0
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For the full reduction to silicon :=-

20 & 810, = 5L 4 2,00 ereereerensennnn(17)

The calculated value of Py at equilibrium is 2.88 x 10”4 atmos.
For silicon carbide formation te

3C + 5102 = SiC + 2'00 ..o............‘,(‘lB)

The egulibrium value of PCO was calﬁulated as 3.74 x 10-3 atnos,

Thus any of the above reactions coﬁld be responéiblg for tﬁe production
of carbon monoxide, However the presence of off-white to brown deposits
- above the fars, that is,at a higher temperature are thought to be tﬁe
condensation products of silicon monoxide. Thus reaction (16) is thought
to be the main producer of carbon monoxide at ﬁ1OOQC,

Bxperiment 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 m&noxideo 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 the'stesdy state! values
of the product gases decfeased 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 ié gagified by the reaction and so the mass of coke decreases
with time, Since the mass decreases the vesidence time of the water vapour
in the bed alsgo decreases and so the steady state generated at any one
temperature may be a function of residence‘time o

The transient surge in the gas concentrations when cupréus chloride vapour
was introduced into the system indicates that the initial.deposition of
‘cofper on g coke surface by reduction of the chloride by'hyd?ogen, hag the
effect of suddenly liberating some of the adsorbed gases. The continuous
reduction of the chloride vapour hasg 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 conc-
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eﬁtration is not notic;d gince this extra hydrogen is consumed in the cuprous
chloride reduction to form hydrogen chloride, Since it was observed that
the copper deposited mainly on:itselfsthen it can be assumed that when it
does so,thié 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, Thﬁs the hydrogen concentéation in the
effluent gas stream remains unaltered at fhe pre-cuprous chloride level,
The momentary large prodﬁction of methane is thought to be due to the
depositing copprer disvlacing methane from the coke surface by weakening
the surrounding C~C bonds. It is well known that & trensition metal is
capable of catalysing methane production from carbon and hydrogen, This
method together with the gaseous reaction of carbon monoxide or dioxide
with hydroéen, fo give methane and water vapour ovér_a nickel or cobalt

(161) |

catalyst at 40000 g are standard methods for the preparation of

methane, The gasecus reactions ho&ever, are teamperature limiting since at
1200°¢ s methene in contact with carbon dicxide and water vaepour produces }
hydrogen and carbon monoxide in the presence of a nickel catalyst. This is

& standard method for the industrial preparation of 'endothermic gas! (162).
Thug a transition metal, by virtue of its unfilled 'd' sub-shell has

some electronic effect on the bonding in a carbon matrix., Depositing corper
could disrapt the surface bonding to produce methane by weakening the C-C
bonds rather than the C~H bonds. The methane produced hes to pass through
the rest of the coke hed and so will decompose to hydrogen aﬂd carbon to
a.certain extent, Since the C-C bonds were weakened hy the coppery carbon
nonoxide and possibly dioxide would he expected to be libersted and this
wa.s found to be so, However as copper was seen to deposit mainly on copper

these gas liberation effects will only continue a5 long as the copper is

depositing on coke, that is during the first few minutes of the reaction.

e

Tt wag geen from the A series of experiments that coke must be degassed at
1000°C in order to achiéve a steady system , with no gas evolution from the

coke which would interfere with other effects that were under study,

L . S T - R )
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B

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 obbtain a quantitative and
qualitative insight into the range of reactivity of four types of carbon
and to study the effect of temperature on this reacti#ity. Also:it was hoped

to acquire knowledge of the secondary reduction of water vapour by carbon

.

monoxide, : . ) | 1
The A geries 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 gll the carbon types studied in this serles of experiments. Ideally the
carbon matter shou}d be degassed at g much higher temﬁerature, however the
limitation of 1000°C was observed since;above this temperature, devitrification
of the gilica reaction vessel became a majof pkoblen,

It was decided that,for these experiments,a bed of constant volume should be
employed and so all the reaction tubes were filled with carbon materisl 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

Ay e b,

each bed; in each case it was approximately three-quarters of a second at 800°¢C.

3
S

Experiment B1 The bulk dengity of the coke was measured then a three cente

imetre deep bed of coke was prehested at 1000°C for T2 hours to rid the

coke of the volatile content such as hydrocarbons,moisture and adsorbed
gages, 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

e A A AR WL IV T
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were taken until the values obtained for each gas concentration were cone
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 9OOOC° 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 thege runs lasted over a period of several days,and 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 decressed from three to two cne,

Experiment B2 The method employed in thisg experiment was exactly the same

as used in experiment B1 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 B4
but sugar charcoal was used as the bed material and the steady stato was

studied at 600,650,700,750,800 and 850°C,

g’

Experiment B4 The method employed was the seme as in experiment B1 but
with a bed of coal and the temperatures at which the steady staté wags stu-
died were 750,800,900,1000 and 1100°C

Results As well as the concentrations of the exhaust geses, the mass bal-
ances at each temperature are given in tables 3 and 4 and were calculated

as follows e

ppm CO 4+ 2xppm €0, + ppm BoOut. x 100%
ppm H

Oxygen balance
0.
27 in

ppo By + 00 o0t x 1005
ppm Hzoin

Hydrogen balance

Also the apparent activity of the carbon &, was .calculated as-follows t-

for HO + C

2 )CO + 1{2....'..0...'.....!‘..'.ll"...'..(s)

the equilibrium constant K can be written :-

5



EXHAUST GAS ANALYSES FOR EXPERIMENTS B4 AND B2

COKE_ bed residence time 0.75 seconds water vapour concentration 1%

BED TEMPERATURE 700°% 750°¢C 800°%c - 850°¢C 200°¢c
HYDROGEN 10 ppin 425 ppm 1450 ppm 3150 ppm 3250 ppm
WATER VAPOUR 9457 " 9088 " 8294 " 6379 " 6392 "
CARBON MONOXIDE 86 » 217 1018 " 2405 " 2620 "

' CARBON DIOXIDE 30 1017 200 " 312 " 325 "
OXYGEN BALANCE 101 99 101 99.3 100.5
'HYDROGEN BALANCE 99 99 101 99 101
8 5.4 x 1070 2.8 x 10~° 2.3 x 1077 8.0 x 1072 4.8 x 1072
X ovs / X6 calc 2,15 x 1074 1,67 x 10“2 3.12 x 10'2 7.00 x 10"2 7.95 x 10‘2
S 3.5 x 1074 2.2 x 107 3.4 x 10 6.5x 107 6.3 x 10
‘ GRAPHITE bed -residence time 0.75 seconds water vapour concentration 1%

BED TEMPERATURE 800°C 850°C 900°¢ 950°¢c 1000°%C
HYDROGEN 90 ppm 160 ppm 500 ppm 1750 ppm 6310 ppm
WATER VAPOUR 9500 9500 " 9268 7708 ® 3306
CARBON MONOXIDE o8 g2 220 n 1640 » 6344 "
CARBON DIOXIDE 7 " 25 m 52 n 55 125 "
OXYGEN BALANCE 99,9 100 99.9 95.5 103
HYDROGEN BALANCE  99.8 100.6 102 98.5 100
&y | 5.6 x 10°° 9.3 x 10 =8 4.2 x 1077 7.6 x 10°° 1.46 x 1074
Kﬁ obs / Ké cale 1,65 x 1Q-3 5.6 x 10"3 1.6 x 10"2 2.55 x 10'2 6.18 x 10'2
K¢ obs. 1.80 x 10-3 5.3 x 10~3 1.27 x 10-2 1.76 x 10=2 3.76 x 10-2

£ @19va
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EXHAUST GAS ANALYSES FOR EXPERIMENTS B3 AND B4

¥ atavg
(29)

CHARCOAL bed residence time 0,75 seconds. water vapour concentration 1%

BED TEMPERATURE 600°c 650°C 700°%C 1750°C 800°c 850%C
. HYDROGEN 0 ppm 183 ppm 505 ppm 1014 ppm | 1765 ppm 2228 ppm
WATER VAPOUR 9600 " 9487 " 8919 " 8790 " 7680 " 7296 "
CARBON MONOXIDE 44 " 147 " 445 " 8o7 " 1737 2183
CARBON DICXIDE o " 3" g " 16 37 " g2 "

OXYGEN BALANCE 100 100 98 . 101 99 100
HYDROGEN BALANCE 100 101 98 i 102 98 99

8 | 4.3 x 10°° 146 x 1077 2.8 x 107 | 5.2 x 1077 4.4 x 1072
Ke ovs / %6 oalo 2.0 x 10:1 6.1 x 10:‘31 1.5 x 10“§ 4.58 x 10‘§ 1.2 x 10‘2
K¢ obs 4,0 x 10 1.0 x 10 2,0x 107 5.0 x 10~ 1.1 x 107

, COAL bed residence time 0.75 seconds water vapour concentration 1%

BED TEMPERATURE 750°C 800°C 900°C 1000°C 1100°¢C
HYDROGEN 100 ppm- 480 ppm 3150 ppm 4100 ppm 4700 ppm
WATER VAPOUR 9500 9000 6500 5500 4500 "
CARBON MONOXIDE 40 " 350 2390 3800 5140 "
CARBON DIOXIDE 17 g1 375 " 200 " 10 ®
OXYGEN BALANCE 99 99 100 101 100
HYDROGEN BALANCE 100 99 100 100 96

a, 10 x 1070 2,5 x 10'2 4.2 x 10": 3.4 x 10“: 344 x 1070
R oo/ K6 oato - |30 % 1074 1.1 x 107 9.6 x 10" 6utx 107 3.7 x .10"3
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P.nxP .
-0
KS ™ €O H2 = pr( K%) ooooooo'onnc--QOOOOOl(12)
a, x PH20 .

. Poo X By

.y a,c = 2‘.'.l..l....'.l..'...........I........(13)
K5 x Pﬂzo

by substituting AG® values from the JANAF(62) tables into (12) and then by
subgtituting the value of K5 8o obtained as well as the observed concentration
values into (13), the apparent activity of the carbon a, can be calculated,

From the water gas shift reaction s~

H,O + CO <'—:>— (H ] + H2 t!.'lOCOOOOOIOOOOOO!090..000!.!(6)) |

2 2
P x P

K6 observed = 002 H2 ..o-coo--oooooooo.o.ooo--.0000(14)
Peo * P o

2

- ac°
K6 ca]_culated = exp( RT ) -aoocn-o-o-o.uooocoooooeooo0:-(15)

by substituting the observed concentration values into (14) a value for
K¢ obs, 020 be obtained, also from the JA.NAF(GQ) table values of AG’ for the
reaction, from equation (15) a value :of K6 oale, 0 be obtained, By divid-

ing these two values to obtain K6 obs/K this gives an idea of the

6 calc
approach to equilibrium of the observed reactions by the closeness of this
new function to unity. These values together with those of a, are given in
tables 3 and 4 for coal,graphite,charcoal and coke. They are also plotted
in log10 form against the bed temperature in figure 9 . |

It can be seen from figure g’ that in general 2 increases in value with
increasging bed temperature and that overall at 800°¢ say, charcoal is more
reactive than coke,which in tum is moxe feactive than coal which then is
more reactive than graphite. However in terms of the water gas reaction'in
the coal and coke experiments,equilibrium was mdre closely approached than
for either graphite or charcoaljand apart from coal at high temperatﬁres,
the approach tv equilibrium is greater‘the higher the bed temperature,

The surprising result of these experiments is the very low values of &,»
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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 - ieduotion 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
deoregse at the ﬁigher 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 @ minimum at the highest temperature. Thus it appears that carbon
gagification at low residence times is a strong funotiop of residence ?ime.
Also the approach to equilibrium in the seoondary-reduotion of water vafour
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 clogely approaches
equilibrium at any one temperature than does the behaviour of graphite
or charcoal, This oouid be explained by the presence and possible oatal&tio
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 bé 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 of a
possible result of the decreasing residence time at higher temperatures,

It is noted from these experiments that the apparent activity of carbon &y
is very low in the systems considered , 1074 4o 1077 » 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 &, should be unity,

Since the gas residence time appeared to have a considerable influence on the
value of 8, it was decided that an experiment should be carried out at a much
iarger 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 uéed. 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 temyerature at a longer sas regid-
ence time in the bed,

Experiment C1 was performed atla substantially increased gas residence timeq
this was achieved by increasing the bed depth from three to ;hirteen centi-
Qetres and by reducing the gas flowrate. It was hoped to discover the

effect of increasing the residence time,from less then a second to

seventeen secondslon the coke reacfivity and on the approach to equilibrium

of the secondary reaction,

Experiment C1 A deeper bed of 13} 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’because of'the temperature increase,to 18,7 at 900°C and falls
to 15.5 at 700°C,

Results The concentration values are given in teble 5 together with the
oxygen and hydrogen balances as well as the values of a, and K6 obs/KG calce®
The latter two values are plotted in 10310 form in figure 10 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, are higher at each temperature,but that the difference in
these values decreases with increasing temperature., The behaviour of the

Ke obs/K

opposite to that of the low gas residence time plot, Tﬁe approach to equili-

6 calc plot for the longer gas residence time however is totally
brium in experiment C1 is initially high and then decreases at an increasing
rate with increasing temperature. In experiment B1 gt the lower residence
time the approach to the water gas equilibrium is initially low but increases

ét a decreasing rate with increasing temperature,

o remem—p—
¢ et el ""“.‘.f“?“?‘:“:i
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TABLE 5 EXHAUST GAS ANALYSES FOR EXPERIMENT C1
COKE bed residence time 17 seconds at 800°C Water vapour concentration 1%
|___BED TEMPERATIRE 700°%C 750% 800°¢C 850°C 900°%
HYDROGEN 700 ppm 1945 ppm 3422 ppm 4300 ppm 4750 ppm
WATER VAPOUR 9000 " 7600 " 6300 " 4900 " 3800 "
CARBON MONOKIDE 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 10 x 108 5 x 1077 1.6 x 1074 2.6 x 1074 2.9 x 1074
- ] - - -3
Ke obB/KG calo 1.67 x 10 1446 x 10 1.18 x 10 2.6 x 10 2,8 x 10

COKE bed temperature 750°C

TABLE 6 EXHAUST GAS ANALYSES FOR EXPERIMENT D1

water vapour concentration 1% .

CAS RESIDENCE TIME 0.75 secs 17 secs 34 secs 68 secs 137 secs 274 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 " ' 500 167 "
OXYGEN BALANCE 99 100 100 100 101 99
HYDROGEN BALANCE 99 99 99 99 98 98
8 2.8 x 10~8 5.0 x 1077 1.0 x 1074 1.6 x 1074 2,8 x 1074 3.7 x 1074
Xt oo/ %6 ante 1.67x 102 | 1.47x 1077 | 1.6 x 107" 1,3 x 107 To7 x 1072 2.6 x 1072

b0 INTMIUAdYH
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FIGURE 1D PLOD OF & AND K. . /K. . VERSUS BED TEMPERATURE

bed depth 3 cm residence time 0,75 seconds, bed depth 135 om residence time 17 seconds at BOOOC, experiments B1 & C1
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DISCUSSION

The comparison of this experiment's iesults ﬁith those of the previous
experimgnt (B1), show that both the apparent activity of carbon and the
approach to equilibrium of the secondary reaction are strong funotions, not
only of temperature, but also of gas residence time in the bed, |

From table five it will be seen that the mass balances are again consistent
with stoiohiometric - reduction of water vapour; however at the higher
temperatures of 850°C and 9oo°c the hydrogen balances are 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, that éither hydrogen is reacting with the coke or
that methane is a product of a steam-coke reaction,

From figure 10 it can be seen that at a longer gas residence time, the
epparent activity of carbon is at least a factor of 10 higher than at the
lower gas residence time. The value of dc increases with temperature but

at & decreasing rate, therefore when water vapour remains longer in contact
wifb a coke bed, its redﬁetion is more complete,

The approach fo equilibrium of the secondary reaction at a longer gas
residence time is puch closer at lower temperatﬁres 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
increases;with temperature. |
It was now decided, that since gas residence time was a major parameter of
the steam-carboﬁ 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 speéific temperature ,75000,
’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 75000 and water vapour
was introduded into the helium gas stream fo give a concentration of 1%.
Readings were taken of the effluent gas until a steady state was achievedjthen
the helium flow rate was lowered to give an increased gas.residence time,
Again readings were taken until a steady state was reached. This procédure

was repeated for severa} values of gas residence time from § of a sééond to
274 seconds.

Experiment D2 5.9 gmns of charcoal were packed into a Mk I reaction tube and

then was treated in a similar manner to that of D41. The range of gas resid-
ence studied in this case was frpm 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 413.5 cms. The method employed was
exactly the same as in D1,

Results Table 6 (p.58) containg the gas analyses from the coke experiment,D1.
Table 7 contains the g&s analyses for the charcoal and graphite experiments,
D2 and D3. The oxygen and hydrogen masgs balances, together with the values
of &, and K6 obs/K6 calc ! &re also given‘in these tables, The steady state
gas concentration values,at each value of gas residence time,are plotted in
figure 11 ; the log,, values of a; and K, obs/KS calo 8F€ 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



GRATPHITE bed temperature 750°C water vapour concentration 1%

GAS RESIDENCE TIME 0.8 secs 22 geos 44 secs 88 secs 176 secs 352 secs
HYDROGEN 28 ppm - 626 ppm 871 pm 1180 ppm 1650 ppm 2100 pm
WATER VAPOUR 9600 " 9000 " 8700 8500 " 8000 " 7300 "
CARBON MONOXIDE 14 " 217 264 " 340 600 " 1099 "
CARBON DIOXIDE 7 " 209 " 287 " 374 471 600 "
OXYGEN BALANCE - 100 100 100 100 99 100
HYDROGEN BALANCE 100 100 99 101 100 98
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CHARCOQAL bed temperature 750°C water vapour concentration 1%

GAS RESIDENCE TIME 0.8 secs 22 secs 44 secs 88 secs 176 _secs 352 gecs
HYDROGEN 1014 ppm 2512 prm 3002 ppm 3356 ppm 3589 ppm 3788 ppm
WATER VAPOUR 8700 " 6800 " 6300 " 5900 " 5500 “ 4800 "
CARBON MONCXIDE 897 " 2446 " 2782 " 3129 3574 " 4266
CARBON DIOXIDE 16 " 193 " 224 " . 297 * 297 " 316 "
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HYDROGEN BALANCE 101 97 97 96 95 89
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K6 obs/Ke -nn 1,58 x 1073 2,21x 1072 | 2.91x 1072 | 4,01 x 1072 4,22 x 1072 | 4.41 x 10°%
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FIGURE 11 GAS CONCENTRATICN VERSUS RESIDENCE TIVME EXPERIMENTS D1,D2 & 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 thé charcoal exper-
iment, While 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 materisls,

From figure 12, it will be noticed that the above effects are emphasized in
the similarity of the a, 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 a, 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 cokeA
plot, after an initial rise to & maximum, decreases almost linearly with an
increase in gas residenceAtime.

DISCUSSION .

From the mass balances in tables 6 (p58) 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 wﬁich does not appear in the mass balance equation, and
80 these halances are low at high gas residence times,

From figure 12, it is seen that the behaviour of the K6 ratio plots,of
graphite and charcoal,are virtually identical except that the values of
K6obs/K6calc for grarhite in log,, form, are consistently 0.5 above those

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 10'1'5.
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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 10'3'25 for coke. The graphite plot of 8, 1 while differing in
shape, also appears to be approaching an exponential limit of 10-3'5.
Thus from these experiments, as would be expected, as the residence time was
increased to almost static conditions, so the values of a, 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 inocreasing gas residence
time, deoressed at a steady rate,
The difference in reactivity between coke,charcoal and graphité 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
work (see p. 472) and it is shown that the surface oxide ©o, is more stable
on & carbon surface than is adsorbed carbon monoxide,(CO).Also, during the
reaction with water vapour, hothlcg‘and hydrogen are adsorbed on the carﬁon
surface, however it is extremély unlikely that water vapour exists,&g such,
on a carbon surface at the reaction temperatures of 700—85000. It is also showm
that the reaction mechanism is as follows = |
H, + cf;_..(nzo) ceeveesennseenasessassnecasssse(19)
(H20)——>Co + H, cevectasssasencscsacsensess(20)
Co —3(C0) ereercecnsesccesascrosssnassaseas(21)

(C0) =——=¢C0 +n Ce AP - 3

-

2 + Cf ‘__—-—-‘(Hz) 00'ooooooooco'ooooonuttocolioo>lcl0(24)

CO «+ do (coz)uoo.oo.o.oooooooooo..-oo..-coooooo(25)

————e B
- ——

H20 + CO ‘,_____'.‘(002) + 'Hz!.......}'...c.'....l....l..(26)
(Coz)ﬁcoz + ncf -.oo.noooooouoooo-o-.o-to(27)

1

Where () indicates an adsorbed species, Coiis the surface oxide, Gf is a
free active site on the carbon surface, the value of n can be taken as wnity,
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, can be read as acf ot [Z;]. ‘
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.6é) s 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 conce
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 surfece 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 feactions is a further consideration and,as coke contains
ash constituénts,it is expected that its reactions are more likely to be
affected, One obvious effect,is the decline in the production of carbon
dioxide at high residence times. It is thought that this is due to the
positivé catalysis of the reaction of carbon dioxide with carbon or,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,
.Thus from this series of experiments it was found that bé and hyd?ogen
can exist on carbon surfaces at reaction temperatures and it is prgposed
that,it is the quantity of these surface complexes together with the
activity of the free surface sites,which 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 tﬁrn is more reactive than

gravhite.
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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 2 and 17 seconds.

In the previous experimental series, it was found that Co and hydrogen exist
oh.a carbon surface during its reaction with ﬁater 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 experimgnt.

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 chromatosraph
injection #alves. Heating tape was lagged around this piping but it failed
to rectify the problem, Thus the concentration values obtained for water
vapouf are meaningless in all kinetic experiments and so , are only quoted
in the steédy state experiments' results.

In these experiments, the time taken for gas to pass from the gas inlet
manifold}to the injection valves,was measured by switching hydrogen into

the gas stream at the manifold,and timing ite appearance at the injection
valves, Thus,it is assumed that when the flushing stream of helium is
switqhed away, 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 ul/min and the bed depth was 13} cms,
the stop watch timing the experimenf,was started 8 minutes after the water
vapour was switched into the system at the manifold.

Experiment E1 2,33 gms of coke were held in a Mk 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 quentities of carbon monoxide (<10 prm
and hydrogen were being evolved from the bed, the temperature of the bed was

lowered to SOQOC and water vapour was introduced into the helium gas stream
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to give a concentration value of 1%. 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 E1, but the residence time was calculated to be 17 seconds.

Results In figure 13, the gas concentration values measured are plotted
egainst 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 thﬁt s at the lower gas residence time, the
plots of carbon monoxide and hydrogen concentrations . exhibit definite
maxima in their shapes, then,having fallen4away 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 céibon dioxide in the gas stream. slowly rose to almoét 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 éteady 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

in
-
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the exhaust gases was at 400 ppm in the higher residence time experiment ,
whereas in E1, after fifteen minutes,of reaction, the carbon monoxide conc-
entration was 850 ppm,
DISCUSSION
From figure 13 it can be seen in both.instances,that there are subresctiong
involved because the instantaneous mass balances,for hydrogen and oxygen,
do not suggzest the same degree of water wvapour reduction,
The differences.in the concentiation versus time plots for carbon monoxide
and hydrogen at the two residence times are striking, In experiment ®1,
reacticns 19 and 20 proceed rspidly giving rise to a large increase in
the concentration of hydrogen in the gas stream. Reactions 71 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 amounts of hydrogen and carbon monoxide are generated, there must
be an accumulation of‘CS on the coke surface. Reaction 24 is now activated
and hydrogen begins to adsorb onto the coke surface from the gaseous phsase.
The build up of‘Coland (H2) on the coke surface reduces the rnumher of
active sites at which water vapour can react so that the degree of reduction
of water vapour decreaseé. 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 concentraticn of carbon nonoxide
is due to the decrease in the degree of reduction of water vapour znd so
its rate of decrease is less steep then that of hydrogen. Carbon dioxide
production is dependaﬁt on the concentration of'Cé on the surface and as
this steadily rises with time so the concentration-of carbon dioxide in
the gas streaﬁ also steadily rises, If carbon dioxide were g 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 cvoncentration plots reach
e reasonsbly steady state, however their values are still not those of the

fingl 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, watef
vapour and carbon monoxide, carbon d;oxide production from water vapour

and b& is still on the increase and is producing hydrogen as & reaction
product., This upsets the previous hydrogen steady state and so it has to
readjust. This in turn upsets the steady state between'05 and carbon monoxide
and so it continues, all gas concentrations oscilla¥ing until the final
steady state has been achieved. The.surprising fact is that this process
takes so long to achieve its steady state, tﬁis must be a function of the
residence time since in experiment E2 the steady state has been achieved .
ingide seven hours whereas in E1 this process tekes at least twenty hours

to come to the steady state,

In éxperiment E2,the time spent by the product and reactant gases in the
bed has increased by a factor of tﬁenty-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 dominent 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 ooncentration 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 aslca than it does hydrogen. Hydrégen and‘Ca are being .
produced at the same rate but'Ca and adsorbed carbon monoxide ere held on
the surface., The rate of désorption 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 more105Ais
required for steady state conditions, 8o it takes much longer to achieve

its neccessary concentration, six hours in fact,
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The delay in carbon dioxide production is thougﬁt to be duelagain t0 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 representafive
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 E1 it was 47 ml/hin. Therefore the E1 plot, if multiplied by 5.9
would give a comparison of Quantity with the E2 plot. Therefore according
to the E2 iesults 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 E1 experiment the bg concentration on the surface needed
for carbon dioxide production has been achieved when the gas concentpation
has reached 1500/5.9 ppm = 254 ppm which, as can be seen from figure 13
is achieved within minutes.Thus carbon dioxide is ﬁroduced almost iﬁmediately
in experiment E1 whereas in E2 none - appears for three hours.
In experiment E2, if it is assumed that water vapour reduction immediately
achieves its steady state rate then the quantities of %dland (Hz) can be
calculated by integrating a plot of rate of formation of these species
versus time, The gageous production rate when subtracted from the steady
state rate will give thié rate of accumulation of the adsorbed species,
However it must be remembered that for the oxjgen balance, the gaseous rate
of carbon monoxide mugt be added to twice the gaseous rate of carbon dioxide
production,From figure 14 it can be seen that the rate of accumlation of
(Hz) is initially very high but this high rate rapidly decreases away to
zero within two and a half hours, b& accumulation however is initially
lower than for hydrogeh,however after the twenty minute merk its rate of
abcumul;tion is higher and decreases at a slower rate than that of adsorbed
hydrogen; Integrgtion of these plots shows that 1.58 ml of hydrogen are
adsorbed and 6,65 ml of'Cg are generated, both these species are stable
et the reaction temperature of 800°C on the coke surface,

This same treatment cannot be applied to the E1 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 geses never exceeded the steady state rate, it was possible to
subtract them from the steady state rate. This is.impossible for E1, however,
in both cases, the amount of‘CJ on the coke surface is much greater than the
amount of (Hz).

From these experiments,it was found that both'Cd\and adsorbed.hydrogen are
retained on the coke surface during the initial reaction with water vapour.
Since , in a TORCO segregation cﬁamber, the coke particles are covered with
the deposited copper, it was decided to perform two experiments, in which
copper powdei 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,

PThe 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 hydroggn,retained 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 F4 0.1% by weight of copper powder (electrolytic +200 mesh)

was thoroughly mixed with coke and a 13} cm deep bed of this mixture which
weighed 10,517 ¥ 0.001 gns, 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<everylthree minutes for three and é half hours. Readings were then
taken periodically until a steady state had been achieved, The flowrate
thréugh the bed ﬁas such that the gas residence time in the bed was calc=-
ulated to be f? seconds,

Experiment F2 The procedure in this experiment was exactly the same as

in P1 but 1.0% 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 tiﬁe since reaction initiation. Again
experimental points are only shown ever& fifteen minutes whereas they were
taken every thrée minufes.From the integration of the bydrogen 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 F1,F2 énd 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



FIGURE 15 INITTIAL REACTION OF COKE PLUS COPPER WITH WATER VAPOUR AT 800°C
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FIGURE 16 VOLUME OF EVOLVED HYDROGEN VERSUS TIME EXPERIMENTS E2,F1 &F2
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irrespective of quentity, the presence of copper in the coke bed has the
effect of reducing the initial amcunf of cafﬁon 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 thrée
eand 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 oﬁ the quantity of copper presént, the second effect , of carbon
monoxide retention, is not dependant on the quantity of copper that isg 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 mls of hydrogen ,
correct to NTP; experiment Ft ( + 0.1% Cu) produced 0,229 mls of hydrogen;
experiment ¥2 ( + 1.0% Cu) produced 0.178 mls of hydrogen.

By a similar method it was calculated that the presence of copper in both
experiments F1 and F2,reduced the initiél amount of carbon monoxide prod-
uced by 0.498 mis, hence carbon moroxide retention seems indépendant 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 Q.j% copper
is responsible for the retention of 0.017 mls of extra hydrogen on the coke,
and 1.0% copper is responsible for the retention of 0,068 extra mls of
hydrogen on the coke, which, on its own,retains j.58 mls of hydrogen., (frem
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-

t
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ained by the coke in the absence of copper.

b DISCUSSICN

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 acf a;t this temperature.and at this residence
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 ere 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 1.0
copper is responsible for the retention of 0.0692 ml more (HZ)' Thus the
effect of copper on hydrégen adsorbtion is quantity dependant. The retenfion
of cérbon monoxide as the surface oxide %J, appears to be independant of
the amounf of coprer powder present, 0.5 ml ofICS in each case.

If the gases were adsorbed by the copver it would be expected that the
ratio of hydroren held by O.1%copper to that held by 1.065 covper 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
141 o It could be argued that the contact hetween the coke and copper in
each case varies according to mixing therefore the areas of contact are

not in the retio of 1:10 and so the quantities adsorbed could vary from
‘the 1110 ratio., However it is thought that this effect cannot explain such
a large discrepancy.

It is suprosed that the presence of copper perticles physically in;contact
with a ecoke surfane, 2an by electron interaction weeken the bonding between
"the matrix stoms and a surface carbdn etom, thus generating an active site,
The generation of these active sites,above a certain minimum concentration

of copprer,is independant of the copper concentration and the type of site ;

generated shows a stronger adsebtive tendency towerds Co than to hydroger.
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Working on this supposition then 0.1% copper‘adsorbs 0;0058 ml of hydrogen
and generates 0.,5109 ml of active sites of which the ratio of %; to (Hz)
is 0.5/0.0109 = 1:4.6 3 1% copper adsorbs 0,058 ml of hydrogen and genefates
the same number of actives sites 0,5109 ml of which the ratio of 'Cd to (Hz)
is also the same-at 134.6 . Thus the quantities of hydrogen retained are
0.0058 + 0,0109 ml = 0,016Tml for 0.1% copper ; and 0,058 + 0,0109 = 0,0689 ml
for +.055 copper. ‘ |
Thus copper on a coke surface not only adsorbs hydrogen itself but could be
respongible for the generation 6f active sites , This active site generation
does not upset the steady state reduction of water vapour since it initially
increases the number of gites which contaih 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 sité,not neccessarily
at the point of contact with the coke but, at some .distance away from itself,
FProm experiment E2 it was found that, assuming water vapour immedistely |
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 coprer in physical contact ﬁith the coke particles, The error estimated
for the volume measurements is & 2%, and for weighings is I o.5%.
Having ascertained the effect of copper on the initial adsorbtion of the
reaction products from fhe 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.,lt was hoped to discover any diff-
erénce in quantity,and in the ratio,of the two adsorbed species;CJ and (Hz)

between all three types of ocarbon 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 materigl, 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 materisl was charcoal and the gas residence time in the bed has

been increased to 22 seconds,

Results, The concentration values obtained for G 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 E1 (see figare 13) in as much as the concentration plots exhibit
maximé after an initial rapid rise. However hydrogen and carbon monoxide
achieve tﬁeir steady state values of concentration much mére quickly than
in experiment E1. Carbon monoxide has reached its steady state in only 40 |
minutes énd hydrogen takes 3% hours whereas in experiment Ef with coke

these gases had not reached steady concentration values after 5 hours,
Unlike experiment E1 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 mach 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 gefore
hydrogen is first detected in the effluent gases, The rate of evoluﬁion

of hydrogen is much slower than that of carbon monoxidg in this experiment
whereas in experiment E2 the reverse is true., Again no carbon dioxide was

detected in the first 3} hours of the reaction, -
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DISCUSSION
From figure 17 it can be seen immediately that charcoal adsorbs very little
carbon monoxidé; but its adsorbtion of hydrogen is large. Graphite, however,
appears to adsorb carbon monoxide in preference to hydrogen, but the quantitie
are mich 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
hovever 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
ba 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.hydroéen 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 vapéur reduction is the same as the rate of decrease
in the rate 6f‘C3 acoumulation, since the rate of carbon monoxide production
is constant over this period ( 4 to the four hour mark),
Thus the initial reaction of water vapour with graphite is rapidly poisoned
by the Achmulajion of b& on the surface. At the reaction temperature
the quantity of Co that is stable is very ﬁuch greater than the quantity
of (Hz). 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 end for graphite it is the
higher value of the energy of activation for adsorption.
Charcoal however shows the complete reverse, The initial rate of wéter
vapour reduction is higher than the steady state rate but the 65 produced
is very unstable on the charcoal surface and it immediately appear§ in the
gas stream, 7ithin an hour the reduction has réached a pseudo-steady state
and the concentration of carbon monokide is ressonably constant,

Hydrogen which is produced at the same rate as'Cé does not appear in the
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gas stream because the adsorbtion of hydrogen on a charcoal surface is
considersble, 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 fhe 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 theh increases at a decreasing rate theréafter until the steady
state is reached, Hydrogen which ﬁas adsorbed onto thé charcoal surface

has reduced the nuwber of sites at which wafer vapour can react and so
during the hydrogen adsorbtion the concentration of carbon monoxide has
decreased slightly,

Since the quantity of bS on the éharcoal surface is so low there is no initic
prdduction of carbon dioxide and even in the steady state condition the
(CJ‘concentration is so low fhat thé production of carbon dioxide is minimal,
The CO/CO2 ratio is therefore quite high at 15:1 . Conversely on a ‘graphite
surface the build up of'Cg was quite considerable during the initial reaction
and this is reflected in the CQ/002 ratio of 1:1 o

The volumes of Co and (Hz) 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 décreaéed 1inearly

with time over five hgurs to its steady state value of 3650 ppm. For
graphite it is agsumed that the initial amount started at 3000 ppm and
continued at this rate to fhe helf hour mark where it is assumed that adw
sorbtion of hydrogen is complete and so the concentration of the water vapour
being reducéd ig identical the the h&drogen plot thereafter,

Pigures 41T7a 5 17Tb show the plots of accumulation rates of bo‘and (Hé) 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 (H,) and 0.34 ml of Co for charcosl 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 gmé for coke, graphite and charcoal.
Tﬁus per gram of bed the ratios of Co to (Hz) were as follows t=

Coke  Co s (H,) = 046333 10,1505 = 4.21 11 mul/ml at NTP

0,102

[t}
"
Lld

Charcoal €O @ (H,) 0.05733 ¢ 0.5621 1 ml/ml at NTP

0.24117 + 0,0283 = 8,53 ¢+ 1 ml/ml at NTP

it
it

vl
Graphite Co @ (H2)

Thus when weater 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 800°C, At this same temperature for every ml of hydrogen that will be
gtable on & coke surface 4.1ml would exist on a charcoal surface and 0,19 ml
would be stable on a graphite surface.
Therefore from this series of experiments it was found that coke will hold
more bg than either graphite or charcoal , whereas charcoal will hold more
hyﬁrogen than eithef coké or graphite,
So far in thié woxrk, the steady state of the steam-carbon resctions has been
studied,and found to be far removed from thermodynamic equilibrium, Also
the initial reaction of water vapour,with three carbon types, has been studied,
end the éffect of copper particles,in a coke bed, has been studied with refer-
ence to the initial reaction with watef vapour,
In a TORCO reactor, the charge materialé only spend about fifteen minutes in
the gegrgation éhamber; 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 reactor,the carbonaceous material is not degassed af 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 for cuprous chloride,
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H. Reaoctions 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 flﬁidised bed, through
which,air is blown. The coal burns in the air and heats the ore to a temper-
ature of abouf 800°C, The hot ore and burnt coal, ovefflows 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 1% oxygen and 1% water vapour, the
rest being nitrogen plus cerbon oxides.

If gaseous hydrogen is responsible for the reduction of the cuprous chloride
vepour, 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 geries of experiﬁents, 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, Experiment I2 reproduces these
conditiong; however, to separate the various effects of salt énd water vepour
on hydrogen production, experiments H1,H2 and I1 are needed. These four
experiments cover all %he_combinations of coke in the absence, and in the
presehce of water vapour; and coke plus salt,in the absence and in the presence
of water vapour,respectively. _

The coal in & TORCO plant is pre-dried, and so all the coke beds wefe_héated
at 150°C to simulete the drying effect. As in the previous experiments, a
congtant weight of coke was used, 10.5 gms; howevef,the reaction tﬁbe used
was now changed from a Mk I to a Mk II? 10.5 gns of coke iﬁ a Mk I tube,

gave g bed depth of 13.5 cmé, the same weight in a Mk II tube gave a bed
depth of 5,5 cms, Thus & bed in a Mk II tube, was in a more even constant
temperature zone, Also, as & coke bed is héated up to about 70000, tars and
0oilg 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 IT tube. In the H and I geries of experiments, measurements were to

be taken as the bed was heated to 850°C, which required & consgtant flowraﬁé,
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Although the measured gas temperature,at the top of the segregation chamber,
slightly varies around 750°C, the bu:ning 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.

4 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
disctssion of each series would be pointless,

Experiment H1 10.5 gps of coke was preheated in a Mk II reaction tube for -

18 hours in a dry helium flow, the temperature of the bed was then raised to
85000 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
tube,therefore the temperature of the bed was slightly lower than thg measured
temperature , during the heating process. This experiment was referred to as
tdry coke!, .

Experiment H2, 10,5 gms of coke was preheated in a dry helium gas flow at

15000 for 18 hours, then water vapour was introdubed into the system at a
concentration of 1%. The temperature of the bed was then raised to 85000 and
gas analyses Wefe performed every three minutes. This experiment was known
as 'wet coke!,

In both experiments, the helium flowfate 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 reacﬁion tube, the resﬁ 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 eluted from the columns,

The elution times of the gaseous hydrocarbons was such that,during the
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elution of gases from the fifth injection, two large 'rogue'peaks were
detected. These peaks were probably due to the elution of hydrocarbons from
the third and fourth injections. These 'rogue' peaks hindeied the evaluation
of the results of the sixth and seventh injections also. Similarly, one part-
icular hydrocarbon, had such a long eiution 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 éhe 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 resulis
between the one hour and the one and a half hour mark, are estimated.

FProm figure 18 , it can be seen that the principal gaseous product,from heatin
a8 coke bed from 150-850°C,was hydrogen, however,there were also significant
quantities of methane and carbon monoxide evolved, A surprisingly larse
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 efoived, 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 increaséd this value and so the following equation was used
to calculate actual flowrate :-

1,000,000
1,000,000 - £ ppm

x 8 = actual flowrate. ml/min

where Zppm 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

totel 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 H1 and H2, the dry and wet runs,



FIGURE 18 GAS CONCENTRATION CHANGES WHEN COKE IN 1% WATER VAPOUR IS HEATED FROM 150°C TO 850°C IN EXPERIMENT H2
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FIGURE 19 VOLUME OF GAS EVOLVED VERSUS TIME AFTER TEMPERATURE RISE
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Figure 19 also shows the amount of water vapour péssed through the coke bed
in the wet coke experiment. It can be seen that as would be expecteé, 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-
egsed by the bed the extra amount of carbon monoxide produced by the water
vapour reduction is s 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 T.45 mls at NTP in two hours and forty
minutes of réaction reapectively. These increases when éxpressed as percs=
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 18 that
methane production is virtually complete after forty minutes, but carbon
monoxide and nitrogen production still remain significant, after thé:initial,
high rate has diminished. Hydrogen however, after the initial large evolution,
is 8till produced in quantity, but at a decreasing rate with time.

As was explained earlier, the discussion of the H geries 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°C

Experiment I1 Coke and salt were thorogghly 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 % 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°c
in a dry helium flow, the helium contained water vapour at a concentration
of 1% in this experiment and so the run is known as 'wet salt!,

Results A similar procedhre 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 I2 together with the results of H1 and H2,

I+ will be noticed that the presencé 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 abgence of salt. Thus the salt is catalysing the
reduction of water vapour or is catalysing the desorbtion of carbon mono-
xide from the coke surface. However in a dry system fhe 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 fhe 'wet coke! e#peri-
ment. However from figuie 20 it can be gseen 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 Qalt' experiments it will be
seen that when salt is present in the system the amount of hydrogen is re=
duced, Thus after two hours and forty minutes of resction 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 galt has

reduced the amount of hydrogen produced by 5 mls, Since salt catalyses
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FIGURE 20 VOLUME OF GAS EVOLVED VERSUS TIME AFTER TEMPERATURE RISE
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the reduction of water vapour and no carbon dioxide was evolved,the
extra amount of carbon monoxide produced should be equal to the extra
amount of hydrogen expected. Therefore instead of producing 2.25 extra
mls of hydrogen ‘wet salt! pfoduces 2,60 mls less hydrogen,thus the
presence of salt in a wet system reduces the amount of hydrogen produced
by 4.85 mls,
Methane production appears to be enhanced by the presence of salt, In a
dry system the amount of methane produced was 8.25 mls in the absence of
salt and 8,75 mls in its presence, In a wet system, in the absence of salt
9,50 mls of methane are produced whereas in its presence 10.5 mls are
produced. Thus the difference between wet and dry in the absence of salt
is 1,25 mls of methane and in the presence of salt the difference is 1.75

mls. Therefore it appears that salt also catalyses the production of methane,

To summarise therefore, salt has no effect on carbon monoxide productibn
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 prdduced,
in both a wet,and in a dry system,by the same amount. Extra 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 inocrease the
amount of methane produced from the coke, but their combined effect is

greater than their summed individual effects,

DISCUSSION of the H and I series,

From {isure 18 for the wet coke it can be seen that the oxyeen on the cole
surface is evolved mainly as carbon monoxide with little if any carbon
dioxide, The temperature of maxirum rate of production was about 600°C end
as the temperature increased to BSOOC less was produced, Its rate of
production fell in an exponentisl mannef eraduplly aprroeching the sh-edy
gtate rate of production from water vapour at this temperature,

The maxinum rate of methane production was at 550°C and the rate rapidly
fell as the température increased and after fifty minutes methane production

had ceased, Nitrogen production had reached its maxinum rete when the temp-

o
erature wags about 800.C and only hydrogen's maximum rate of production
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ooincided with the maximum temperature achieved, 85000. Hydrogen constituted
the greatest percentage of the evolved gases, the decreage in its concentr-~
ation away from its maximum was very gradual and after two and a helf 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 dve to
thermgl decomposition of any other species, Hydrogén production does not
start until the bed temperatire haé reached 35000, thus suggesting that

the hydrogen produced in these experiments 6omes mainly from the cracking
or thermal decompositién of hydrocarbons and very little is derived from
edsorbed hydrogen,

Similarly it is proposed that thé nitrogen evolved is derived mainly from
a chemical source gince its temperature of maximum production was much
higher than that of either carbon ﬁonoxide 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, furthexr
suggesting that nitrégen comes mainly frow the thermal decomposition of

& 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 %o the
difference between the wet and dry carbon monoxidé 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°¢. 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
wﬁere 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
eystem 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 o dry or
wet system , salt reduces the amount of hydrogen produced by approximetely
5 ml after two and a hall hours of reaction, It is thought that either
salt slightly inhibits the cracking of hydrocartons, 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 waﬁer vapour, elther
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 85000. From

62)

~ the JANAF( tables it is found that the free energy of formation of

methane at 850°C from hydrogen end carbon is +7.25 kcal/mole. This means

2 :
partial pressures of methane at this tempereture existing with 90,000 ,

that PCH /Pg is approximately 0.04 at 85000 therefore the equilibrium

4
. 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,
I



(106)

Thus methene is metastable at 850°C with respecf to hydrogen,

In a dry system therefore 8,25 ml of methane are produced in two énd a
half hours from the desorption of adsorbed methane and from the incompleté
cracking of hydrocarbons at temperatures below 85000. When salt is

added to the dry system it hinders thé full cracking of hydrocarbons and
produces 0.5 ml more methane with a corresponding reduction_of iml of
hydrogen, |

In a wet éystem 8.25 ml are produced from the adsdrbed state and from
incomplete cracking, another 1.25 ml are produced from the reaction of
water vapour with coke msking 9.5 ml in all., When salt i3 present in the
wet system the water reduction to methane is catalysed and produces

1,75 ml instead of 1.25 ml., Also the hydrocarvon cracking inhibition
produces 0.5 ml making 10.5 ml in all,

Thus although salt inhibits the hydrocarbon cracking in each case,the

1 ml reduction in the amount of hydrogen produced does not accounf.for

all of the observed reduction in the hydrogen volumes,(5'"d)a

Sumnarising therefore, water vapour in the system begins to react with
coke at SOOOC 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 :-

13% for hydrogen, 50% fér carbon monoxide and 155 for methane,

The presence of salt in a coke bed catalyges‘ﬁhe water vapour coke reaction
by 3455, it also catalyses the minor steam coke weaction to produce methane
by 40%, It slightly inhibits the full %hermal cracking of hydrocsrbons

and produces methane with a corresponding reduction in hydrogen production
and salt also reduces the quantity of hydrogen produced in a wet or dxy

system by their possible reazechion to hydrogen chloride,
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J. Reaction of sugar charcoal when heated in & dry helium gas flow from 150°C
to 850°C |

Purely for the sake of comparison, charcoszl was subjected to the same treat-

ment described for coke in experiment Hi. 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 gnms.

Experiment J1 A bed of sugar charcoal 55 cms deep was held in a Mk II

reaction tube st 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 gxperiment J1 are plotted together with the results
of H1 for dry coke in figure 21 as volume of gas evolved from the bed ver-
sus time after reaction initiationm,

It can be seen that methane production is virtually halved in & charceal
bed compared to the coke experiment. Also the rate of evolution of carbon
monoxide is very much grester in the charcoal run initially,than in ;he
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 mls of carbon monoxide in this time period as did coke., Coke
produced 8,25 mls of methane in the same time period but charcoal only prod-
uced 3.8 mls of methane,

The hydrogen,in'the charcoal experiment,only appeared ten minutes
after the temperature rise initiation,whereas in the coke exﬁeriment,the
hydrogen appeared as soon as the temperature was raised . Thus although
the hydrogen production in J1 suffered an early delay,its rate of prod-
uction was greater than that in the coke éxperiment,so 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 remsined higher than that of coke, so that
after two hours and forty minutes of reaction the charcoal has produced

58 mls of hydrogen whereas the coke produced 55,75 mls at NTP,

- .,.:.».».-3
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FIGURE 21 VOLUME OF GAS EVOLVED VERSUS TIME AFTER TEMPERATURE RISE
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DISCUSSION

All experiments in a Mk II reaction fube always conbtain 10.5 gms of coke
which gives a bed depth of five and a half centimetres. However in oxder

Yo give the same residence time,the bed of charcoal only weighed 5.93 gnrs,
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 catbon monoxide was fully
complete after thirty minutes of reaction i.e, as soon as the bed reached
85000. Hydrogen was slow to evolve initially but after the twenty minute
mark 1ts production rapidly increased with time, No carbon dioxide or
nitrogen was produced at all,

Sugar cha?coal therefore contains weakly held loxygen! 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-charredlmaterial. Sugar involves both C-H and C~0-H bonds and it

is supposed that the C-0-H bonds on charring give rise to adsobed 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
desbrhed while the thermal bregkdown of the C-H bonds is a continual
procesgs at temperauref Since the hydrocarbon bond breakdown takes place

_ mainly at 85000 no methane will be produced since its free energy of
decomposition is = 7.5 kcal/mole. '

From this analysis it would be expécted that the volume ratio of carbon
monoxide to methane would be 431 since they are the sole products ;f the

. =0=-H groups. In fact the ratio was measured at 4.06:1, sugéesting 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 as the
!
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bed reaches temperature, This is to be expeoted since the production of
methane is very much dependent on the thermal stability of the gas and

ag 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)l since its production is solely & function of temperature
and not of fime at tempefature. This cannot be thewcase with coke since
carbon monoxide evolution continueé at a steadily decreasing rate long
after the bed has reached 850°C° It is thought that the carbon monoxide
produced from coke is éerived not only from adsorbed gas but also from

the decomposition of the surface oxide bé, to (CO) which is the rate
controlling step at 850°C since fhe 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'Cd to (CO)° Therefore of the carbon
monoxide produced in the first two and a half hours,the main source is (co).
Carbon monoxide continues o be evolved from Co breakdown for several deys;
after twenty-four hours its concentration in the gas stream was 340 ppm,
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 ﬁut charcoal liberates

all its 'oxygen' in thirty minutes as the bed is heated to 85000. Coke
takes a little under four days to liberate the gsame amount of carbon mon-
oxide because its 'oxygen' consists mainly of Co while that of charcoal

is predominantly (€O),

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 hydrocarbong
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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 85000, was accompanied by an evolution

of nitrogen,

This series of experiments was designed to ascertain the nature of the

gource 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 15000 . 1If, after a

longer time at 150°C, the rate of evolution of nitrogen is lowered, then it
could be argued that the gsource of nitrogen is mainly chemical,

A1l bed weights of coke were 10.5 gms.

IExperiment K1 A 5% 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 85000
and gas analyses were carried out every three minutes.

Experiment K2 The 5% cm coke bed while in position in the furnace in a Mk

I1 reaction tube was subjected to a vacuum for two hours at 20°C, Then
argon was bled into the systemland was paésed through the bed for fifteen
minutes at the same tempersture 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 85000 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°C 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-

Ty
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erature rise to 85000. 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 st 150 C. The bed temperature was then raised to 850 %
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 nitrbgen 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 nitrégen evolved was the
one in which the coke bed was held at 150°C for 64 hours. The vacuum trg-
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 &
coke surface can be replaced by argon if the coke is subjected to vacuum
treatment. However the principal method of reducipg 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,nifrates,cyanides,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 diad
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
minimgl 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 mark, 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 orgenic nitrogen compounds were effected 5y tha various
vretreatments 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 %o (i), (ii)
and (1iii) showing that the number of nitrogen bearing comwounds has been
reduced end as the least stable ones were decomposed first, the rate of
release of the gas from the more stable ones is lower than the rate of
release of the less stable ones as in (i),(ii) and (iii),

Thus coke contasins a certein amount of adsorbed nitrogen. the concentration

PO .
of which can be reduced by vacunm desassing ond can he revlaced to a =mall
extent by aroon. It also containg 2 grenter'percentage of 'chemical! nitrogen
the concentration of which can be reduced,by heating at 15000, by 30,

This 'chemicel! nitrogen is thought to exist as cyanides,cyanates, iso-

nitriles etec, ,
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L. Reaction of hydrogen with salt.

In the I series of experiments,it was found that when salt was in the coke
bed, its presence was responéible for a decrease in the amount of hydrogen
yroduced 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 hy@rogen and the gasges
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 ‘IO"6 equivalents of hydrogen chloride
had dissolved in the cell liquid, From the flowrate of the helium which was
7.1 ml/min it was calculatgd that the concentration of hydrogen in the gas
stream leaving the bed should have been reduced by 3 ppm, which of course,
is outgide the limit of detection of the chromatograph. Thus the HZ/HCl
ratio measured over a salt bed in the presence of silica was approximately
200031 at 750°C
DISCUSSION
This experiment was performed in order to determine if hydrogen rencted with
s21t in the presence éf silica; sinece in %the I serriea of experiments the
presence of galt in the coke bed rednced the-amount of hydrogen profuced
in both the wet and dry runs,
Tt wns found from tha evperimental results that the H?/HCI ratio over salt
was approcinately 2000:1 at 75000. The experiment could not have bheen

erformed at 8-0°C since sodimm chloride melts ot 80 °C
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From the JANAF tables for the reaction :-
H + 2 NaCls—-q—:—‘ 2 Nal + 2 HClg

2

AG at 750°C is + 104.21 keal/ 2 moles HOL

2 2 22 . .
hence X = I ¥ PHCI = 0,541 x 10 assuming aNaCls = 1
b
2
2 =22 2
thus _PHCI = 0.541 x 10 x PH2 x 1/ N,
in this experiment PHZ = 0,0115 and PHCl = 0,0000077 atmos.,
then - 1.08 x 1077 :
*Na. . |

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 vessells walls where it had been‘in contact wiﬁh the
salt,

Considering the I series of experiments, in the first two and a half hours
the average value of PH2 was 0,046 and the volume of hydrogen was reduced
by approximately 4 ml which gives an average concentration of 0.00167 atm.
By calculaotion it can be shown that the activity of liquid sodium in this
system was reduced to 0.74 x 19-8,therefore the reduction in activity of
liquid sodium,from being in contact with pure silica to that being in contac’
with the silicates of the ash constituents,was by a factor of 14.6 .

This seems reasonable- since silica and. the silidatés are. quiteisgtable,

The free energy of formation of silica at 85000 is about =~ 165 kcal/mole
vhereas for Na,Si0. it is - 58 kcal/mole and for the calcium silicstes

273

S5i0. and CaZSiO their values of free energy of formation are

3 1+ 0235105 A

in the range = 20 to - 30 kcal/mole 5 the alumino silicate values are even

CaSil

smgller, ( silicate free energies of formation are from the oxides.)
Therefore the sssumptions made in the I series of experiments have been
vindicated in as much that hydrogen and liquid sodium chloride in contact ‘

with the silicaetes of coke ash will generate a small amount of hydrogen
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M, Methods of introducing knorm quantities of cuprous chloride vapour into

a helium gas flow

The M series of experiments aend tests, were designed to produce g satisfaotory
method of introducing cuprous chloride vapour into the helium gas flow. This
was necessary , in oxder to study the reduction of cuprous chloride oh 8 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 86000 and chlorine was added
to the pure dry helium flow to give a concentration of 1000 ppm, The efflw
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 tgmperature 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-
cuproﬁs chloride appeared as a white crystalline cubic solid which, on
exposure_té 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 cspper 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 reised t0 1000°C after a reriod of reaction
at 800°C, The chlorine concentration was now raised t0 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 waé probebly about 5 seconds. It was

difficult to calculate this quantity, as the bulk density of the copper was
difficult to measure, as it settled differently, accor&ing to the degree of

agitation received, ' . |
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 vesgsel. This piece of spparatus was designed such that

the helium flow would pass over the gurface of liquid cuprous chloride, become
saturated with the vapour, and then , the helium containing the cuproﬁs chlo~’
ride vapour., would bé 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 teumperature 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/NiC» junction, therefore it was calibrated against a Pt/Pt-13%Rh
thermocouplé. .

This vessel could only be used with either the Mk II reaction tube of a Mk
III; The only pr&bleﬁ encountered with this vessel was that due to the

fact that sinde 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 éo aligned either the vessel could not be raised or lowered or,
more frequently, the copper chloride veésel shattered as the manifold socket
was finally mated with the reaction tubé cone, The method of preparing a
reaction tube waé as fdllows; the copper chloride veSSgl,wheﬁ charged with ma=-
ferial, 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;vesselb
free end was now pushed through the bung in the inlet manifold and this

was now slid down to mate with the reaction tubejas 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 inorease in use, the breakages

were fewer and fewer,
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FIGURE 23 Cuprous Chloride Vessel,

21l measurements in millimetres, made in silica .
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DISCUSSION

It was hoped, .in this series of experiments , that chlorine could be
passéd over copper in a quan?itati?e menner, to produce gaseous cuprous
chloride, |
The free energy of formation of liquid cuprous chloride at 75000 is - 22 kecal
/mole and at 1000°%¢ it ig - 20 koal/mole thus at these temperstures the
equilibrium partial pressure of chlorine is of the order of 10-9 atmos.,
Since the partial pressures of chlorine used in experiments M{ and M2 were
10~3 and 2 x 1072 it would be expected that virtuslly 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
0.88 D ammonia, When 10-6 atmos. of chlorine were passed over ammonia only

wnispy 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 controlied
partial pressure of cuprous chloride at a known temperature. It was decided
not to bubdble helium through liquid cuprous chloride since it was felt that
the liquid would ‘splash e Therefore a stream of hydrogen was directed
at the surface of the liquid cuprous chlori.de and the resulting gas mixture
was then directed dowvnwards again towards the coke bed, The main digadvantage
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 meassure 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 oomparétively large mixing volume

the reasonable assumption is made that the partial pressure of cuprous

chloride so generated is the saturetion partial pressure.

¥* ¥* * * * * * * *
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N. Effect of various cuprous chloride vapour pressures on‘the reactions of

coke and water vapour at YSOOC,

It was now decidedto try and ascertain the nature of cuprous chloride reduce
tion by geseous 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°¢,
Experiment N1 Following the above procedure a Mk II reaction tube was

filled with coke to give a bed depth of 5.3 cm. The cuprous chloride vessel
was filled to thé 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 regction 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 dsy was repeated
for ten consecutive days, the reaction was then terminsated,

Results The steady state gas concentrations are given in table 8 together
with K, obs/K6 calo 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

a, and K6 equations was taken as the difference between the inlet and exit
water vapour concentrations., From this value of theoretical hydrogen conce
entration was suitracted the actual values and the resulting values are

referred to as 'lost! hydrogen, Thus table 8 contains 'lost' hydrogen as



CuCl TEMPERATURE °C

LN juewtaedxy @ JTAVE

340 501 530 553 580 612
H2 theoretical’ 3200 ppm 3200 prm 3300 ppm 3400 prm 3600 ppm 3800 ppm
H2 actual 3188 3150 " 3152 3111 ¥ 3072 ¢ 3069 %
Hg tlost! 12 " 50 " 148 " 289 " 528 " 731 "
water vapour 6400 " 6400 " 6300 " 6200 6000 " 5800 "
carbon monoxide 1747 " 2060 " 2134 " 2154 " 2232 " 2508 "
carbon dioxide 650 v 575 " 575 " 600 " 650 " 650 "
oxygen balance 99 % 99 % 100 % 100 % 100 % A 100 %
a 2.41 x 1074 | 2,91 x 1074 3,09 x 1074 3.20 x 1074 | 3.60 x 1074 4.56 x 1074
¢ _ .
K¢ obs/K6 cale 0.141 0.106 0.107 0.113 0.129 0.129
CuCl TEMPERATURE °C 631 646 658 673 685 699
H2 theoretical 4000 ppm 4400 ppm 4800 prm 5300 ppm 5800 ppm 6500 ppm
H2 actual 2792 " 2360 " 2017 " 1485 " 1123 " 650 "
H2 tlost! 1208 " 2040 " 2783 " 3815 " 4677 5850 "
water vapour 5600 " 5200 " 4800 " 4300 " 3800 " 3100 "
carbon monoxide: 2890 " 3502 " 4136 " 4798 " 5410 " 62519 "
carbon dioxide 525 " 420 " 2350 260 " 225 M 125 "
oxygen balence 100 % 100 % 100 % 100 % 100 % 100 %
&, 5,64 x 104 8.01 x 1074 1416 x 1073 1.64 x 10™3 2035 x 10'3 3.63 x 10'3
K Obs/K6 calo 0,0988 0.0754 0,0652 0,0425 0.0318

00509

(Lb1)



(118)

well as the theoretical and the actual values,

The actual gas concentration velues are plotted against the temperaﬁure

of cuprous chloride in figure 24, 'Lost' hydrogen is also plotted against
cuprous chloride temperature in figure 25, K. . B/K6 calc ®0d &, 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 regpectively, The tip of the cuproué chloride
vesgel has been enlarged- . in plates 3 and 4 to show the nature of the deposit
and the discolouration of the a.méule°

. It will be seen from figure 24 that there are three regiong of developement,
firgtly the 34000 to 50000 areg where the h&dogen 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 region,water 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 50000 to 60000.
The third region shows a rapid decreage in the hydrogen concentration with
increase in the cuprous chloride temperature from 50000 to 70000° Over this
same temperature range the carbop 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 althbugh from the water wvapour and carbon monoxide plots
of figure 24 it appears that the degreé of reduction of water vapour incr-
eages markedly with cuprous chloride temperature, a corresponding increzse
in the concentration of hydrogen is not noticed in the effluent gases,

In fact the reverse is observed and the actusl concentration decreases

wlth increasing cuprous chloride tempersture 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



(119)

FIGURE 24 CHANGES IN EFFLUENT GAS COMPOSITION -WITH CuCl TEMPERATURE

1
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FIGURE 25 CHANGES IN 'LOST' HYDROGEN CONCENTRATION WITH CuCl TEMPC,

Bed temperature 750°C Water vapour concentration 9,600 ppm

7000  Bed depth 5.3em Helium flowrate 8 ml/min  Expt. N1
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FIGURE 26 g _AND K, PLOTS AGAINST CuCl TEMPERATURE FOR EXPERIMENT N1
o T T ] 1

Coke bed temperature 750°C Water vapour concentration 9,600 ppm

" Bed depth 5.3cm Helium flowrate 8 ml/min Residence time 17 sec
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2.0 o K6 obs/K6 cale
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PLATE 3 “—1 cm—»

PLATE 4 <4“—1 cm
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of cerbon rises rapidly as the copper chloride temperature increases from
500°C to 700°C and only confirms the first stage behaviour from 340°C to
50000 as being relatively constant. However the K6 plots accentuate the
three individual stages; in the firsf's£age the plotted value graduvally
falls with increasing cuprous chloride temperature, but from 500°C o 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 reéction
‘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 venf'
little if any copper deposifed on or in the coke bed. There was a deposit
of condensed cuprous chloride at the top of the reaction tube formeé vy
cuprous 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 CuCl ampule but also on the down tube above the ampulé. This second
deposit was thoﬁght 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 deﬁosit 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 cen
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 experimgn?s sy it was found that the deposited copper
only existed on the coke surface,and so it came as a surprise,in this
geries 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 heligm flowrate was very
much lower in this series, and the gas residence time , compared to the

A series, has increased by a factor of 24, Thus,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 thﬁt,in reducing cuprous
chloride , gaseous hydrogen leads to.the non-specific deposition of copper.

In regard to a TORCC process, this is unsatisfactory.

The K experiments were the first real ettempt 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 iinear velocity of the helium in the gap
between the cuprous chloride vessel and the coke bed was 0.2 cn/sec at
75000, the system can be regarded as slmost static, therefore diffusioﬁ
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 cen 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 hydrogén concentration in the coke bed is lowered from its
steady state vaiue. In s system without cuprous chloride vapour,hydrogen

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 hss diffused out of the bed
the concentretion of hydroéen 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
.end 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 thpuglit tiat 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 desofbing
hydrogen, Consider water vapour reacting to give hydrogen and cafbon.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 resc-
tion with cuprous chloride then the adsorbtion /desorption stealy 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 prode
ucing more hydrogen and carbon monoxide and surface oxide boL Because the
poisoning effect of adsorbed hydrogen is reduced so the coke surface appears
to be more active (viz.the increase in ac), but the same nuwber of active
sites are involved. The apparent activity of carbon increases because it
was assumed that the equilibrium constant was vn=ffected by the presence of
cuprous chloride vapour and, the value of PH2 substituted into the equations
was the theoretiecal value calcvlated from mass balances i.e. the value of

Ph if none was reactineg with cuprous chloride, Thus as a whole,the carbon
2

is more reactive, however if just the bed is considerad and the value of
PH substituted is the actual value le=aving the bed, i.e, in & stendy state
2
with the cok%e surface and instead of 24 the concentration of active siten E&]

is substitnted, which hy the above reasomirs zhould be constant, therio
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X - P

P
‘Hzactuql X co

[Cé] X PH2O out

and so K x [Gé] = PH? actval * PHD theoretical

P
H20 out

-

i.e. no carbon dioxide is
formed

assuming thet Pog o opa1 = PHZ theoretical

The values of K x [Cé]obtained from the experimental results are 1.6, 1.65,
146, 147, 108, 2.0, 1.9, 1.9, 1.8, 1.7, 1.6 all x 10"3 over the cuprous
chloride temperature range of 340 to 69900 o 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 [C.)is not signifivantly
altered during the increasing reacfion of water vapour,

Therefore,as was proposed earlier,the number of active gites involved in
wabter vapour reduction remains largely unéltered and the increase in water
vapour reduction is aue_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 aboﬁt 50000
this is not really significant since the fall is minimal, It is thought that
this slight decline is g function of thé small decline in the water wgpour
concentration up to this point. After 50000 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 ba and caerbon monoxide both rise with the increasing
reduction of water vapour. This confirms earlier assumptions that carbon

¢ \]
dioxide is formed by the reaction of Co, s After the
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temperature of cuprous chloride reaches 60090 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

t0 be a function of water vapour. Previously it was thought that carbon
dioxide formation was a function onCS in as much that the concentration of
%6 on the carbon surface has to achieve g certain level before the dioxide
appears in the gas stream, This still holds true,However the reaction of
To 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 ,ICS and the monoxide may react

to produce the dioxide j 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 vater
vapour appfoaches 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 the o and water vapour reaction,
Thus it is pessible that carbon dioxide is produced partly by the reaction

of Co and carbon monoxide :=

Co + C_O::_“,(cog),—-_——‘co2 + Cp teeeceanesececess(25) & (27)

This reaction is strongly retarded by some of the ash constituents in coke

in which case the secondary reaction of Co to 002 predominates t=

+ H .......(26i)& (27)

fe— JUSEEES
Co + H0 I=(C0,) + H,o— CO ¢ )

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

. . ) . '
the reaction of Co and water vapour.
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Since the 'lost! hydrogen has been presumed to reduce the cuprous chloride
then -

%H2 *(CuC].)n—“—"nCu + nHCl oonoc-.-.a-onoocnno-oo.oc(B)

therefore 1 mole of 'lost! H2 = 1 mole (CuCl)2 = 2/3 mole (CuCl)3 eto, .

The temperature of the cuprous chloride as messured is the temperature of
the liquid and so the results of thisg experiment have been iowered by

two readings which 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
699°C are faken to be the results for a vapour temperéture of 673OC. This
procedure implicitly implies that the vapour generated above the liguid
does not condense as it moves up to the top of the exit tube in the awpule,
Thié procedure had to be adopted since the CuCl ampule is lowered iﬁto a
steep temperature gradient inside the reaction tube and so there ﬁéy be &
temperature difference of 100°C across the ampule, It ig the temperature

of the vepour that is really required and rather withdraw the thermocouple
back by two centimebtres where it might be subject to a cooling effect of
incoming helium it was left at the bottom of the sheath measuring the liguid
temperatures which are now transposed by two readings to give a more
accurate value Af the vapour femperature. 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 condenée. This is why it was decided to standardise the
position of temperature measurement of the vapour at just above the initial
liquid suxface,

P versus 1/T (see fig 26a):

10

this gives a Van't Hoff plot which is equivalent to the vapour pressure

If the lost hydrogen results are plotted as log

of (CuCI)2 over liquid cuprous chloride, The results were subjected to
a linear regression analysis and the following equation was ferived :=

Log, o Py (etmos) = - 5,539 » 1/ + 3.597 corr.coef{ ,99886
2
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To convert this to a trimer equation the lost hydrogen results mst he
miltiplied by 2/3 or -0.1761 must be added to the above equation and

converting to P in mm Hg :a

o+ .
10516P(Cu01)3 = = 5,540x 1/T + 6.3 L 0,1 ( graphical erro:)

Thereforefor (Cu01)3'over the temperature range 700°K'to 1000°K this gives
AH as 25 kecal /mole trimer, It .is estimated that including the temperature
uncertainty and the concentration errors thls figure is accurate to g 500
Therefore AHv = 25 kcal/mole trimer L 2 keal,
The JANAF(62) tables which use the same results to compute their figures
ag were used in the introduction to give a log10 P(CuCl) value, give -
AR’ - 37.2 % 0.2 keal/mole trimer and AR’ - 7.3 keal/mole trimer at TOOK
ther;}?ore Adv = 29,9 ¥ 0,2 kcal/mole trimer,(assuming AH; is constant )
Therefore thé*ZAreement with previous work appears reasonsble and the
vapour pressure of cupréus chloride trimer can be followed by the lost
hydrogen method, Thig is confirmed by considering the loo P equation
For the tvlmev vhich wag Nenernt@ﬂ from the nreavims work of gix anthers
on the wvapour nressure of cupwore chloride triner°(83'84’85’89’90:92>
viz, |

Logyg Pguen), T BE = - 5276/T + 6.350 L 0,25 .iiieieao(D)
There were two distinet types of growth of copper; on the silica reaction
vessel walls and to some extent on the CuCl vessel, there wae 2 uniform
flat crystel growbth which built up into a smooth sheet. The othzr type
was dendritic and was only detected on the underneath of the Cull vessel,
It is thought that the nature of the deposits is 2 function of the ratio
of hydrogen to cuprous chloride but as the gas mixing is ﬂomnlica%ed by
diffusion , thermal segregation and natural convection, no rlgoroﬁs
attempt will be made to erplain the different deposits.,
An experiment was carried out wheréby silica wool was held in a dry flow
of helium and hydrogen . The hydrogen &as then removed from the gas stream

and just helium flowed through the wool, After five hours the effluent

gas stream was anelysed for hydrogen, none was present. The bed of silica
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was now heated to 1100?0 and the effluent gas siream 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 bappened 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 towgrds the bed. It is tentatively. suggested that the flow pattern
is as follows ; hydrogen moves up the middle of the reaction tube towards
the CuCl vessel where it mixes with the vapour and together they pass down

the outside  of the reaction tube. Thus PH 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 ig heated to‘1000°C from the reaction temperature. It is realised
that heating to only 1000°C is & 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,
Frpm thelfollowing series s it was hoped to determine how much hydrogen
stably exists on a coke surface , at temperatﬁre, and whether water vapour

can generate similar amounts,as adsorbed hydrogen.

* * * * * * *
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0. Quantities of gases held on a coke surface in a dry helium flow, before

and after reaction with water vapour

The object of the O series of experiﬁents, 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 o
measure the quantity of hydrogen and Co, contained on a coke surface, during

reaction with water vapour, by heating to 1000°¢.

Expériment 01 part I 10.5 gms of coke was placed in a Mk IJ 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 dgys at 700°C the concentrations
of hydrogen and carbon monoxide were minimal ( 20 ppm ). The tempersture
of the bed was then raised to 75000 and the effluent gas stream was analyséd

for CO,COE,CH - and H2. Readings were taken for seven hours and on the

4
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 thé effluent gas stream was
again analysed, The helium flowrate was still kept at 16 ml /ming

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 T and ITI 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,

Resultg 01,02 and 03 part I 1In 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 reactién but
its concentration was low ( 70 ppm)oTherefore for the sake of simplicity
and uniformity the volume of hydrogen produced after the 25 hour wark was

not taken into account and the plot was merely integrated up to this point,

s
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FIGURE 27 CONCENTRATION versus TIME for EXPERIMENT 01

I I I - I I I

BED WEIGCHT 10,5 gms He FLOWRATE 16 mls/min
_TEMPFRATURE RISE 700 - 750°C

_ TOTAL VOLUME EMITTED AFTER 25 HOURS HYDROGEN 10,56 mls NTP
1100 CARBON MONOXIDE 1,44 mls

© CARBON MONOXIDE

l | | I I | I
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FIGURE 28 CONCENTRATION versus TIME for EXPERIMENT 02
| | |
BED WEIGHT 10.5 gms He FLOWRATE 16 Mls/min
TEMPERATURE RISE 750 - 800°C
| 4500  TOTAL VOLUME EMITTED AFTER 25 HOURS HYDROGEN 28,04 mls |
CARBON MONCXIDE 5.76 mls
4
PPM
| 4000 —

.|

1500

A HYDROGEN :

© CARBON MONOXIDE

1 2 3 4
PTME IN HOURS -
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FIGURE 29  CONCENTRATION versus TIME for EXPERIMENT O3

l l o l
BED WEIGHT 10,5 gms He FLOWRATE 16 mls/min
TEMPERATURE RISE 800 - 850°C

{  TOTAL VOLUME EMITTED AFTER 25 HOURS HYDROGEN 5,51 mls
FPM - CARBON MONOXIDE 1,17 mls
900 —
1800 —

5,
£00 A
A HYDROGEN
© CARBON MONCXIDE
1400 —
200 —

1 2 T3 4
PINE IN HOURS ~o
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Thus for a 50°C temperature rise from 700°C,750%C 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 thig temperature rise, The
exror in these figures was estimated to be ¥ 2%.for carbon monoxide and

¥ 59 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, wﬁere a maximam
was attained, the plot gradually decayed with time. Similarly for carbon
monoxide ewvolution there was @& rapid initial rise in its concentration which
then fell away with increaging time, ‘ .

No methane br carbon dioxide was detected at all during all these exper-
iments.

01,02 and O3 parts II The results were initially plotted as concentration

versus time and as it was apparent that gas evolution was virtually 6omp1ete
after five hours, the plots were each integrated upto this point ahé 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 prodiiced even after two days at 1000°¢
however its concentration was pnly 120 ppm,

A5 the bulk of the hydrogen was evolved during the first five hours at 100000
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 14?: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 75000 to 1000°C_experiment and comparing them
with the sum of the 750°C o 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
100000 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

| | I I

BED WEIGHT 10.5 gme Helium flow 46 ml/min

Temperature rise 750°C o 1000°C
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FIGURE 31
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VOLUME EMITTED versus TIME for EXPERIMENT 02

Bed weight 10.5 gms Helium flow 16 ml/min

‘Temperature rise 800°¢ to 1000°C

TIME IN HOURS -
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FEIGURE 32 VOLUME EMITTED versus TIME for EXPERIMENT
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Temperature rise °c ' Hé ul et NP GO ml ab NTP

750 -~ 1000 47013 10443

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 £ 2% for carbon monoxide and % 5% for hydrogen. Thus it can be
said that the suﬁmation results for carbon monoxide agree within experim-
ental error however, the hydrogen results'devigtions are outside the error
range., This would be expected since a major source of error, not considered
in the error svamations, was introduced when it was assumed that hydrogen
production was completed,in 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% water vapour also at a flowrafe
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 b} 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 tempersture at which water vapour was allowed to react

with the coke bed.,
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Regultg. The plots of volume emitted against time asre shown in figures
33,34 and 35 for experiments 04,05 and 06, Since the major concentfation
chenges 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 neéither methane nor carbon dioxide was deteéted.
The most noticeable result was that, contrary to experiments 01,02 and 03,
more carbon monoxide was evolved,on heating to 100060,than was hydrogen,
after reaction with water vapour at a lower teﬁperature. However, .8imilar to
experiments 01,02 and 03,the ratio of carbon monoxide to hydrogen rises

as the temperature rises from 4,18631 to 4,381:1 to-4.57¢1 for experiments
04,05 end 06, The volumes of hydrogen and carbon monoxide evolved do not
decrease with increasing temperature of reaction,as in the previous runs,

but rise and then fall. (see table 10),

TABLE 10
700% (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 "
- CO/H, _ 4.19% 4.38 4057

The plots of volume of gas evolved versus time are similar ininature to
the previous plots for experiments 01,02 and 03 in as much as carbon
monoxide ev@lution is virtually complete Within the first hour at 1000%
and there is very little evolved after this time,compared to the volume
evolved during the first hour. Hydrogen evﬁlution 1s much more gradual, its
production is more}continﬁous and steady;although the rate of evolution

decreases with time, '

This sugpests that the sources of hydrogen are metastable, and as such, the
relegse of hydrogen gas is mainly a function of time held at the degassing
teﬁ;erature. 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 VOLUME EMITTED versus TIME for EXPERIMENT 04
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FIGURE 34 VOLUME EMITTED versus TIME for EXPERIMENT Of
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FIGURE 35 VOLUME EMITTED versus TIME for EXPERIMENT 06
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Temperature rise 800°C.to 1000°C
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DISCUSSION

Although these experiments were designed to detect the amounts of hydrogen
and carbon monoxide,that 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 sufface,at 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 caibon 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 hy&rogen 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 100000, and

then reacted with water vapour,

From experimenfs 01,02 and 03 it was seen that the volumes of hydrogen and
carbon monoxide which were driven off by heating to 100000, decreased with
an increase in the anmneasling temperature. Also with increasing temperature
the sources of carbon monoxide became relétively 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 éemperature
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 100000, this suggests that the
volume of carbon monoxide evolved is princiﬁally g function of the temp-
erature range over which the sample was heated and not a function of timé
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 SOOC rigse experiments, carbon monoxide
production was pomplete 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,
Bagrlier it was proved that the surface oxide'Co'was more stable on a coke
surface than adsorbed carbon ﬁonbxide, therefore it is proposed that the
monoxide produced in these experiments is the product of the thermal decomp-
osition of Co to adsorbed carbon mbnoxide which is then desorbed.

These quantised units 6f’C$ 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 initigl temperature.
Thus there are more quantised units liberated on heating from 750 to 800°¢
than there are when heating from 700 to 750°C or from 800°C to 850°C. Yhen
heating from 70000 to 1000°C s of the total volume liberated by the full
temperature rise, 14% is produced in the first SOOC, 56% in the second,
11% in the third and ;r.he remaining 20% 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 ba 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 thermsl 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 g major soufce of error in the
calculation of the totsl 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 metasteble hydrocarbons
and this is that each particulaf hydrocarbon changes from metastable to
totally unstable over a very small temperature range. Thus one particular
hydrocarbon or hydrocarbons , whiéh are responsible for gbout half the
hydrogen produced when coke is heated from 700°C to 1000°C,become unstable
somewhere between 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 if becomes unsteble 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°¢

are the total volumes of gas contained by the coke. It is quite conceivable
that there are species of b& and hydrocarbon whiéh 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
quantities of b; and (H2) and when the water vapour is removed from the
system, some Co and (Hz) 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°%¢ for four days, all the Co and ﬁydrocarbons which were
unstable at that temverature have heen desorbed.

The results confirm the earlier findings that adsorbed hydrogen is much
lesgs stable than(CJ 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 800°C more active sites are taking part in

the water vapour reduction than are taking part at 70000 hence the_steady
state concentrations of‘bg and (H2) are higher at'the higher température.
However at the higher temperature, in the absence of water vapour, %o‘and
(Hz) are less stable on the coke surface than they are a£ the lower tempw
erature. Therefore a plot of carbon monoxide and hydrogen evolved on heatiﬁg
the dried bed to 1000°C versus temperature, is a combination of the plot

of the amount of hg and (Hz) generated on the coke surface at the reaction
temperature from water §apour and the plot of the amounts of hydrogen and
Co that are stable in & helium flow at each temperature. Figure 35a shows
this more clearly and soc below sbout 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, deggssing at 100000, reaction with water at the required temperature;)
éee table 11, it can be seen that above 750°C there is more b& generated
by water vapour that is stable at temperature than the inherent bo‘on the

. ] 1]
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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FIGURE 35a VOLUMES OF HYDROGEN AND CARBON MONOXIDE FROM H.O ON COKE
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TABLE 11

nl of gas evolved when heating to a temperature

10.5 gms of s~ of 100000 from :- H2 co CH4

untreated coke T00°% 56.7 119 0.9
degassed coke after reaction 700°C 2.11 8.,85 O
with H,O at temperature then :
dried at same temperature

untreated coke 750°C 47.1 104 0.4
degassed coke after reaction 750°C 2,77 12.1 O
with H O at temperature then -
dried at same temperature

untreated coke 800°C .| 163 4.60 0.1
degassed coke after reaction 800°C | 2.35 10,7 O
with H,O at temperature then
dried at same temperature

stated earlier that Co stability is quantised then it follows that at

75000 and above, the Co generated by water vapour contains more ba:types
which are stable at temperature,than are inherently contained in untreated‘
coke, However below 750°C y, water vapour does not generate as much %5 stable
at temperature, as there is in untreated coke.

The hydrogen evolved when heating treated coke to 1000°C can only be
derived from adsorbed hydrogeﬁ, 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

gtable 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
ures of 700°C and above is unstable and itlis 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 & coke surface by hydrogen

It was shown in the previous experiment that, although water vapour did
generate adsorbed hydrogen on e coke surface, the amount wés small compared
to that already,inherently contained on the coke surface, Thus,untreated

coke was a better source of surface h&drogen,which waé available for cuprous
chloride reduction,

The aim of the P series of experiments,was to study the nature of cuprous
chloride .reduction 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 cuproug chloride vapour,

The MKIII reaction tube was speciglly designed to counteract this backe
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 {lowrate, would prevent hydrogen

from diffusing back towards the cuprous chloride vessel.

A preliminary experiment was performed, duplicating the experimental proced-
ure of experiment N{, but a Mk III reaction tube was used instead of the ¥k Il
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 systems There was no degassing of the bed,and it was hoped that the
hydrogen chloride,generated from the cuprous chloride reduction, would give

& better indication of the amount of stable hydrogén, that existed on a coke
surface at the reactioﬁ 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
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then lowered to 750°C and water vapour was introduced into the gas stream
to glve a concentration of appraximétely 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 remction 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 ab the lower témperatures 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 cohcentrations of hydrogen and carbon monoxide and these
conceptrationé 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 timé at a steady cuprous chloride temperature. Similarly the concen-
tration of hydrogen chloride also gradﬁally decreased with time. ‘then the
CuCl vessel was lowered by a further five centimetres, again there was a
spurge in the concentrations of all gases this time i.e., H H4,CO yCO,, and
HC1, Hydrogen again decreased to zero fairly rapidly (1n an hour) gnd the
concentrations of all the other gases gradually diminished with increasing
time, Table 12 shows the instantanious gas concentrations in the effluent
gas stresm during the day after the full five centimetre lowering.

‘Tahle 12 also shows the value of'lost'hydrogen as calculated from figure 25

for experiment N1, at this temperature (656°C) of cuprous chloride, It was
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assumed from the qusntitative reduction of water vapour that s-

ppn 'lost' H, = ppm CO + “ppm CO,x2
Water vapour cenmnot be included in this table since its concentration was
continually changing and for reasons explained earliey,s changing water
vapour concentration cannot be accurétely followed, however it was of the
order of 6,000 ppm,

TABLE 12 (concs. in ppm)
GAS CONCENTRATIONS VERSUS TIME AFTER THE 5CM LOWERING (in hours)

TIME HCL €O CO, lost H, HCL-2x.lost H, lost H, from Expt N1
24,5 7914 843 621 2085 3744 2500

25,5 7640 787 614 2015 3610 " E
27,0 7570 736 609( 1954 3662 " !
28,0 7435 707 591 1888 3659 " l
28,5 7165 595 572 1740 3685 " j

When the reaction vessel and the Cubl vessel were removed from the furnace
it was found that copper had deposited on the upper surface of the coke

bed as g 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 déposits

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 expogure
to air it turned to green. It was the builﬁ 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'tﬁe 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 depassing 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 in & 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 64600. At this temperature of liquid
cuprous chloride the 'logt' hydrogen concenfration was 1980 ppm according
to experiment N1, which in turn is eguivaslent to a concentration of cuprouvs
chloride vapour (trimer) of 1320 ppm, ( from figure 25 page 120)

The concentration changes in the effluent gas stream of the product gases
60,C0,,,CH, end HO1 were folloved. for a period of several days witil

21l had returned to virtually zero (less than 20 ppm).

Fxperiment 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 wag 646OC°iae. the
same CuCl temperature as in P2 but the CuCl vessel did not have to bhe
lowered into the reaction tube ag far as was done in P2,

Experiment P4 A similer procedure was followed as in experiment P3 except

that the bed temperature was 850°C but the cuprous- chloride temperature

was still kept at 646009

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 adscrbtion of that'gas on
the glass end 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 CCHCINTRATION V'x?._.SUS PTINE PCR ELPRNTLENT 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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[0 Hydrogen chloride  88.8 ml at NTP 160 Hrs

19000

TIME IN HOURS ~—
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¥ 2% for five days in esch experiment then it gradually fell over a period
of two days to zero. The gaseous hydrogen concehtration plots were initially
high but they all fell away to zero during the second day of reaction.
Methané 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
b;emp.% HOL ul {HCL ppm | Hy ml | CO ml |CH, ml|total H, ml|(CuCl), ppm
150 421.3 | 3955 28,1 156.6 | 007 23849 ) 1320
800 1269.5 | 2433 ' 19.2 131.4 |0.01 15440 "
850 88.8 | 817 5.9 1092 | O 50.3 "

It can be seen that in going from 75000 to 850°C, the amount of carbon
monoxidé released is reduced by 307 but the amount of hydrogen released
has decreased by 80%. This again suggests that 'oxygen' on a coke surface
is more stable at hiéher temperatures than is ‘hydrogen', It is sugzested
that the carbon monoxide liberated is derived from the surface oxide Co,
and that the h&drogen,as 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 partisl pressure of hyérogen
chloride evolved would be 3960 ppm; At 750°C, within experinental érror,

this is so. However at 800°C the value of PHC falls to 2433 ppm and at

1
'85000 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 afterAthe experiment was
11.5026 gms, the weights of carbon monoxide and hydrogen lost from the coke
wefe 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 gms, The weight
of copper calculated as heing derived from the reduction of cuprous chloride

to hydrogen chloride is 421.3 x 63.54 = 1.1951 gns.
The difference between tﬁi’igg 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 HGl,H2 and CO,
Similar errors were observed for experiments P3 and P4, - 0.0153 x 100 = =2%
end + 0.0050 x 100 = +2%, respectively, 0-T6H
The copgéiS;Zs deposited throughout the bed in each case. The copper deposit
was nodularAand very small, These nodules were difficult to see with thel
naked eye but under the microscope it appeared as if each coke particle
was.partiélly covered with small flat sﬁwroids of copper. At g
magnification.of x500, the particle diameters were estimated to be i«
0.0004 cm actual size,
In the ?ulk of fhe 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
depogited on copper. There was no copper deposited on any of the silica
vesgels! walls, In all cases there was a deposit of cuprous chloride
below the coke bed, also there was a deposit above the cuprous chloride
vegsel where the vapour had diffused back past the ampule, There was
no evidence of any oxides having been formed in the cuprous éhloridé
vessel., Also there was no reductioh of cuprous chloride vapour on #he
walls of- the silice reaction vessel,either above the coke bed or belgw it.

There was a deposit of cuprous chloride,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, g 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 compietely
reduced in the gap above the coke and so réached the coke bed whefé 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 producéd on the coke by water vapour reduction and it
fhen migrates down the chemical potential of hydrogen to the copper surface.
The disiodging of the adsorbed gases now ceases and the lost hydrogen as
calculgted frqm [CO + 2.002 - actual Hé]becomea equvalent 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 incresse 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 iﬁcrease 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 experimént 8 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 vapouf reduction decreased, The vapour pressure of
cuprous chloride decreased because water vapour was reacting with thezliquid
and gaseous chloride producing thé 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
étrongly 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

ppn of hydrogen chloride expgcted from the total reduction of ~ this
cuprous chloride is 5000 ppm, The ppm actually méasured for this experiment
wgs higher than this'value g0 it was a regsonable assumpbtion 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 lquid 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 reactibn :;

2(CuCl)3 + 3H,0 =3 0Cu0 + 6HC

fhe equilibrium partial pressure of hydrogen chloride generated af 656°C
Ais approximately 600 ppm, and for the reaction with liquid cuprous chloridé
the value is slightly less at 400 ppm, However the measur;d value ( RHCI -
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
cénsidered that above liquid cuprous chloride at this temperature that

the vapour phase was the trimer. From experiment N1 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 floy the trimer is the stable species of cuprous chloride vapour.
However if cuprous oxide dissolved in the liquid cuprous chloride, thén
thé activity of cuprous oxide relative to pure cuprous oxide,would decr=-
ease drématically. Thus the above eguation would lie more to the right
tban 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 paitial 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
ﬁost'hydroggn may decrease. Also since the activity'of liquid cuprous
chloride is decreasing so the vapour pressure decreases and 8o 1;39 -
hydrogen is required to reduce it, this also lowers the 'lost! h&drogen.
The falling concentration values of the product gases were not observed

in experiment N1 and the only différence 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 hydrogen,including hydrogen chloride and the
water vapour concentrations in and out of the system is-coﬁsistent with
all the hydrogen chloride being derived from water vapour and none being
formed from hydrogen remaining on thé coke surface after the degassing at
1000°C.

As the vapour pregsure 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, so0 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
digrupted the equilibrium concentration of cuprous chloride vapour an@.more
important, the gaseous hydrogen génerated 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°¢
prior to the introduction of ﬁhe CuCl vessel.

From the results it will be seen that the cuproué chloride vapoui was not
quantitatively reducéd 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 aye For the reaction :=-

3H + (Cu01)3 3HCL 4 30U eveevacoenseaeo(28)

. 3
then:- Kéaﬂ PHCl assuming 8oy 1 ceseseel(29)
< 3
fCucl)3 1

. .
From the JANAF(62) tables it is calculated that at the temperatures of 750°C
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800°C and 850°C the values of log, 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 0.60123 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 16'4ppm. ( ey 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 éuprous chloride is reduced at the coke surface

it electronically disturbs the i 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'CJ which were previously quite
stable now become unstable aﬁd are desorbed to give gaseous hydrogen and
carbon monoxide.

It has been found that at temperature, adsorbed hydrogen is much less stable
than1ca on a coke surface and so the perturbation of the s bonding will
have a greater effect on hydrogen than it will On‘Cé. 0f these two species
hydrogen is also the less temperature stable and so as the temperature
increases, relatively more hydrogen than Co'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
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reised 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
mejor types of hydrogen. The ratio of the quantities of éach type is const-
ant with temperature since 88 -'L% of the total hydrogen at each temperat-
ure is released as hydrogen chlorlde.

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.

Pype II consists of C-H, or of two closely associated C-H bonds with a low

2
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 75000 to 1000°C s the adsorbed hy-
drogen type II is rapidly evolved over a period of a few hours, but tbe
partial breskdown of the type I hydrogen to type II and hydrogen is a.slow
continual procesz which takes many hours at a decreasing rate. Type 1
breakdown generates a new type II which is stable at the higher tempefaire
and hydrogen which is evolved as gas. The activation energy of formation
of hydrogen from type Iiis much higher than it is for type 1I.

As copper deposits on a coke surface , type II hydrogen is dislodged as
the 7w 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 suxface.

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 = the copper deposi-
tion only weskens 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 HC1l production ), as the
temperature of reaction increased. The amount of T perturbation necessary
to dislodge 1 ml of type II hydrogen, as measured by (ml HCl 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 7T bonds necessary to release a unit
of type II hydrogen is also independant of temperature, Figure 39 shows‘
these effects in diagramatic form. At 75000, there are 210 mls of type I
hydrogen which will all’ react iith 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 hydrozen 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 I hyd;ogen on tﬁe 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 éctivation energy of rupture of the
most stable kind of type II hydrogen is also constant with temperature.

At 800°C y the type II stable at 75000 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 ml

has remained stable at BOOOC. The remaining 75 ml has decomposed into 19 ml
of a type I stable at 800°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,P3 AND P4.

at 750°C at 800°C at 850%

[ T

zero at 8 5_0°C

__zero at_800% __

135 ml 19 m

210 ml 28 ml

FIGURE 40 PLOT OF ACTIVATION ENERGY OF RUPTURE OF Co VERSUS VOLUME OF
CARBON MONCXIDE FOR EXPERIMENTS P2,P3 AND P4,

(o)

at 750°C at 800°% at 850°%

|= |= |

zero at_850°C

131 ml

157 ml
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considered as an overall redugtioq 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
hydfogen stable at 850°C and 85 ml were evolved as gas while the bgd 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
befween that of type I and type II hydrogen, thus while the type 11 C-H
bonds are broken by 7t perturbation and type I bonds are weakened, the
bonding of the bé is brogressively weskened 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 7t perturbation increases with incr-
easing deposition of copper with time, so the‘CS breskdown is a function
of time and hence of the strength of the bonding of the bo: The weakly
held b& is liberated first and as the-carbon monoxide evolution continues

' the strength of the bo‘bonds to be broken increases. Thus the amount of
copper required to liberate 1 ml of carbon monoxide increases with increas~
ing‘b6 bond strengh and so the concentration of carbon monoxide in the gas
stream is a decreasing function of time since the rate of copvrer deposition
is a linear function of time.

Since it was thought that there are several types of surface oxide of diff-
efing bond energies, it would be expected that the carbon monoxide prod-
uction would.decrease in a step-like manner as each supply of constant
bond energy bo'was éxhausted. 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 daj. This
suggests that there might have been a step-like form of carbon monoxide
production but it cannot be definitely proved. l
From figures 36,37 and 38 it will be seen that the peak value of the carbon
monoxide-plots were 17,000 ’ 10,006 , 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 température
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.

The temperature stability of the bg types can be more easil& considered

by determining how much perturbation of the 7 bonding was necessary to
generate 1 ml of carbon monoxide. The degree of perturbation is eguivalent
to the amount of copper deposited which in turn is equivalent to the

volume of hydrogen chloride liberated. Thus the.averége degree of pertu-
rbation réquired 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 SOOC has
1iberated 16% from 750°C and 17% from 800°C of the total amount 65'00\
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
from 750°C to 800°C the bond energies of all %ypes of 6; 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
the activation energy scale is effectively moved up and the bé’types with
activation energies below the zero are all desorbed as carbon monoxide., A
similar thing happens on heating to 85000, some of the bo‘is weakened so
much that it is desorbed and all the rest of the-%o‘types are weakened.
When copper deposits this has the effect of progressively disrupting the
bo\bonds in order of -their strength.

.Methaﬂe production is minimal and is probably due to the incomplete
breakdéwn 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. Als§ ag the temperature of the coke is raised
so the amount of type I:hydrogen is drastically reduced. Thus on two counts
is it desirable to reduce cuprous éhloride 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 ﬁade, in each seﬁtion, to relate the
results obtained, to the work of previous workers., The last section , specifs
ically relates this work to the TORCO process, and makes certain suggestions
as to the improved operatipn 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 sugpes=-
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 existence 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 coke,charcoal and graphite is thought
to be due to the nature of the carbon surface, From earlier experiments

it was found that botﬁ hydrogen and carbon monoxide can exist con s ccke
surface at temperatures up to 110000 . Therefore these adsorbed gases on
the coke surface must decrease the area of the coke surface available fo
ettack by water vapour. It is thought that a major difference between tre
carbon types is the quantity,rature and type of carbon moncxide and
hydrogen that is adsorhed by the different carbongoduring reaction with
water vapour,

The following proposal forAthe reaction mechanism is based on Ersun's
Unified Theory(132’134) but includes the possible adsorytion of the
reactant and product phases.

Consider water vapour to be initially adsorbed on the carbon surface by

& physical bond between the oxygen atom inthe water molecule and a surface

carbon atom which ig & free active site Cfo(equation 19), This bond now
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changes to a chemical bond weskening the O-H bonds and so the hydrogen
atoms combine to give gaseous hydrogen, The surface oxide bo: so formed

can alter its structure by strengthening the C~0 bond to a double bond

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 =dsorbed
and desorbed molecules. The .reactions are written :-

H,O

2 + Cf -~ T (H2Q) o-ootcocou.noo.ccoo.(19)

(HQO) ——p Co + K, ceeeesseess(20)
Co — o p(00) tevrivnianivnnennaa(21)
(CO) =B C0 =+ an.....'.......(23)

—— B
H2 + Cf ‘——‘_——(H2) ..Q...:‘......'...'.(24.):

€0 + Co G==(00,) eeeverirrrriionssa(25)

H20 + CO —“,‘_‘—___—__.'(002) + H2 oao-oo--..o(26)

(C0,) G==—="00, + nC, .....o.....(27)

Where () indicates an adsorbed species and the values of n in equations
23 and 27 are unity, Statistioaily 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 =achbive sites are being consumed in the reactions but axre not being
generated at the same rate, If the value of n was greater than unity,
active sites would be generated at s faster rate than the rate at which
they would he consumed,therefore the reaction rate would increase with
time. Since the steady state is being considered n is therefore teken =s
unity, Tonsidering the primary reduction‘of water vapour, the above reactions
cen he vwritten ag 1- L _

7,00 + O ——4—‘.7,1—_ (H,0) —2 0o + H,

¥
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To avoid over-complication it is assumed that (1) all gehérated free
surface sites are of-a similéf nature to the existing free sites, (2) the
carbon monoxide adsorbed from the gés phage is exactly the same as thé
adsorbed carbon monoxide generated by the decay of '00',(3) the frections of
the surface occupied by (HZO),EJ,(CO)-and (Hz) are 0;.63’0;” and 93 then in
the steady state the rates of appearance of all the surface complexes are

’ ’

equal to their rates of disappearance., If P',P and P

2 3

pressures of water vapour, carbon monoxide and hydrogen then t=

are the partial

for water vapour, A
kP (1 =20 = kic 4+ 10 o (k! + i)
171 1 1
for carbon monoxide,

! _ ' ”n o4 / 7 II- . _ ” 4 1
kPy(1 - 20) = Ko - 50" = (K, - §) =T (K} - jZ,)

for hydrogen,

’ - _ 1 " . - L -3
k3P3(1 s0) = Ko S0 o—(kzj iqc)

0—'”1

sumning,
' PI k P’(‘l G") k Pl
_z_c_jdl + 22 .;6—7 + 33 ][1+£0‘] =o“-+—c”+¢".+<r'"

t r ]
(et + 1) (k- 35 () +ig)” |

o 1. s o N (et - AT O o /lwt 4 s

k1 = k1/(k1 + 1) ] H k2 kz(l +U-IIJ/(k2 J'a;‘i/) ! k3 = k3l (k3 + l—q—_o;,)

then, 1 « S0 = A o 1 — -
1+ k1P1 + k2P2 + k3P3

since the formation of carbon dioxide is not beinz considered, then if P°
is the original partial pressure of water vapour :-

/ / Is) ]
P2 = P3 = P - P1

then the free surface is equal to 1 « Za =

[]

1
. o O\ (PO
1 + k'P; ¢ (k2 + k3)(P P,

11

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« k(1 ~ 2P, - kP!
at Opy / 0 0 0 7
1+ kP o+ (k2+k3)(P —P1)

by separating the varisbles -



(175)

fT P1 (o] (O O)( (o] )] .’
Kt - -f 1+ K 4+ S+ k(- 1)) .ap
0 PO[P'I 1 2 " 3 P', !

and integrating between time O and the residence time T, and the initial

and final partial pressures of water wvapour P° and P1 then i«

0/, 0 ) o [.o ) 0 10
¥T =[1 + P(k2+k3ﬂln% +{k1 -(k2+k3)}(P -91)
1

or{P°-P}={ k }_ 11nP°L[1+P°(k§+k‘3’)]I
i -k1-(k2+k3) T P1 ky - (k2+k3_5

therefore by calewlating (P - PYT and 1/T .1nP°/P ; from the experimental D

results and .subjecting them to a linear regression analysis, the slope

and intercept will give -(1 + Po(kg + kg)] and k respectively
[o] [o] (4] (o] (o) (o]
[<2 ~ (<5 + k3) | {9 - (k5 + k2)}
TABLE 14
slope intercept correlation coefficient

charcoal 0.009195 F”"O°OOO4765 0,999956
coke 0.009267 ~0,0003263 0.999907
graphite 0.009802 -0,0000697 0.999712

Table 14 shows the reéults obtained and since all intercepts are negative
and gs k must be positive, since the reaction does take place, then

k‘1’ - (K5 + kg) must also be negative, Therefore (kj + kg) > k‘1’ and by
considgring the minimum value case, then (kg + kg) must be positive and

so k2 can be either positive or negative,

1
. . 0/, 0 0
for charcoal :- { 1-+ P (k2 + k3) z = = 0.009195
o 0 0
k, = (k2 + k3)
X 0 0 0 .
from which k2 + k3 = - {0.009195 k1 + 12 mst be positive,

0.000405

o]

therefore (- 22,7 k? - 2469 ) must be positive, and so k1

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 = 0.0518 + 0.000497 (kj + k3)

therefore k must be positive and its numerical value must be greater than
0,0518.,

By a similar procedure the following table 15 can be drawm up .

TABLE 15
k? negative (kg +'k§) k
charcoal > 109 >0 70,0518
coke ©>108 >0 >0,0352
graphite <102 >0 ¥ 0,00711

fzom the equations for k, and k it is found that kS = K Eli(r + é’}
1174
P, T
therefore both kg and kg are positive,

Thus by a comparative analysis it is found that as kg is negative for coke
and charcoal, the existance of adsorbed water molecules on their surfaces

is highly unlikely, However for graphite the value of k% must be more positive

1
than « 102 so that s positive value is possible and adsorbed wgter molecules
are more likely to exist on a graphite surface than either a coke or charcoal
one, Since kg and kg are both positive then carbon monoxide and hydrogen

can both exist as adsorbed species on any of the surfaces,

Finally if kg is positive then ké&>nicftherefore the rate of removal of (CO)
which is equvalent to kédyis greater than the rate of formetion of (CO)
which is equvalent to i0” , Therefore an oxygen atom on a carbon surface

is more stable as Co than it is as (CO).

" Since there were several unknowns only a comparative énalysis has been
possible and from this analysis it has been found that (HQ) and‘Cé‘can exist
on coke,charcoal and a graphite surface but only on the latter is édsofbed

4N
water vapour a possibility. The relative quantities of Co and (Hz) are

unknown,
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(2) _Cas 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(1o3) who

found that, of the amount of carbon dioxide liberated by heating a steam
activated coal to 1200°C, 82% of the carbon dioxide evolves before the bed
reaches 900°C. éimilarly he found that 23% of the hydrogen and only 1065 of
the carbon monoxide islliberated by heating to 90000. This is in fair
agreement with the results obtained in experiment A,

In experiments H and J when coke or charcoal was heated 1o 85000 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 85000. This means that either all
the water vapour and carbon dioxide have been evolved gt 15000 or that‘they

(103)

completely react as the bed is heated, Emmett 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 cosl, of the total wvolatiles, he only found 0,7% carbon
dioxide and 2,2% water vépour 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 seme 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 405 more carbon monoxide than charcoal, This is
b ecause 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

t emperature and coke produces 23% more than charcoal per gram of sample,
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Konchesk& and Stewart(102) found that in their flash heating experiments

of coal and water vapour in a coil; 70% of the Qolatile matter evolves within
0.6 seconds at 85000 and of this volatile matter, 57% is hydrogen, 17% is
carbon monoxide, 99% is carbon dioxide, 4,4% is methane and the rest is
unsaturated hydrocarbons, The different method of heating in experiménts

H and J meant that gas evolution was much slower and thermal cracking was
far more cémplete. In the first two end a half hours in experiment H, of

the gases volatilised, 70% was hydirogen, 19% was carbon monoxide and 16%

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 prodiuced from coke as it was
heated from 150°C to 850°C and that it was mainly derived from chemical
sources and constituted about 7% of the total gas evolution after two and

a half hours at 85000.

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 pioduced at 850°C, since at this temperature the free energy of
decomposition to hydrogen is - 7.5 kcal/mole CHA.
Carbon monoxide produced from charcoal is derived mainly from adsorbed gas bu
the pro&uction 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 ciacking 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 contgins 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 coulé not be desorbed.In all heating to 1000°¢C
experiments from reaction temperatures of 700-850°C (experipents E and O )
no water vapour was detected at all, When either coke or charcoal was heated
f ron 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 Constablel163164) 1ono ang syies(1169125-121) pivcoia ona
Eyring(165), Blyholder and Eyring(129), Johnéﬁone et al(123) all accept
that water vapour reacts to form a surface oxide and gaéeous hydrogen,
Stickland Constable(163’164) proposes the adsobtion of water vapour in
molecular form, largely because of the reversible adsorbtion of water vapouf

(116)

on charcoal below 700°C, Long and Sykes and Eyring and co-workers(129)

proposed the predissocistion 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 radicels which are contained on neighbouring

(116)

sites on the carbon surface, Long and Sykes do not stipulate that the

adsorbtion of the hydroxyl and hydrogen groups has to take place on adjacent

sites, Montet and Myers\'36)

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 ﬁith McKee's findings that water vapour in sma11(166)
quantities retards graphite oxidation by oxygén, and Montet and lMyers (135)
findings that the apparent activation energy of the reaction of graphite and

water vapour increases with decressing water vapour concentration, sugcest

that water vapour may exist on a graphite surface as discrete molecules
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at 750°C.

(b) Cerbon dioxide, In all heating experiments from 150°C to 850°C and

from reaction temperatures to'1000°C, no éarbon dioxide was detected as having
been evolved, Aléo 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 & 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 surfape there
is no increase in pressure in the sgystem, i.e., one molecule of carbon
dioxide converts to one molecule of carbon monoxide and the remaiﬁigg

oxygen atom is retained by the carbon surface,

(c) Carbon monoxide and the surface oxide bo\ 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 (c0) or
as a surface oxide bg. Experiment D's results suggest that of these two
species, for coke,charcoal and graphite, bo‘is the more stable at 7jO°C,
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 85000. In experiment G it was calculated that the amount o: stable
bo\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
gram coke will hold eleven times as much bg as charcoal and two and a half
times as much as graphite, |
The inherent bé on a coke surface that is released as carbon monoxide on
heating to 1000°C from various tempefatures, can be feplaced to a certain
extent, by reacting water vapour with the degassed coke at the initial
reaction temperature, Thus from experiment O on heating from 700,750 and 800°
to 1000°C, 1.13 ml/gm, 1 ml/gm and O.44_m1/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

L

held on the coke surface as Co: In experiment P it was found that cuprous
chloride reduction on a coke surface releases bolas carbon monoxide and at
the temperatures of 750,800 and 85000 then 14.9 ml/gm, 12.5 ml/gm and 10,4
ml/ém 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 75000 and 800°C was 2.4 ml/gm, in experiment O after twenty five
hours from heating coke from 75000 to 800°C only 0,55 ml/gm was evolved,
Thus the nature of'CJ 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 ﬁumber of steps was indet-
erminate, Thus it is éroposed that there are severzl 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'C;, 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 similer
nor are the quantities evolved equal., Figure 4% shows the amounts of To

that are stable at each temperature calculated from experiment P, It can be

seen that if the plot is éxtrapolated $o 1000°C there should still be a
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FIGURE 44 SPECIES INHERENTLY STABLE ON COKE VERSUS TEMPERATURE
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¢y
significant quantity of Co stable at this temperature, It was once thought
that Co was equivalent to adsorbed carbon monoxide however both forms exh-

(169-171)

ibit different types of adsgrbtion spectra and when carbon dioxide
is reacted with graphite, by tracer ana;ysis(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 monoki&e and |
Mentser and Ergun(14o) postulated that the C-0 bond in Co is 2/3 of a
double bond. |

(134) '

Ergun states that the surface oxide bo, is formed by the reaction of
water vapoﬁr 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 okygen with a carbon filamenf was due to the natur
and characteristics of the carbon surface i,e, the.product was always bo:

(118,119) conclude that chemisorption of oxygen to 'Co’

Wealker and co-workers
occurs on five different types of active site to give five different types
of'CJ.

This work concludes that the sgrface 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 bo)is different from
that inherently contained by coke. Also it has besn proposed that some of

t he bo‘inherently contained by coke is quite stable at temperatures above
1000°C. It has been sﬁown that, gram for gram, for every ml of'05 generated

on a charcoal surfsce by water vapour, 5 ml are generated on graphite and

11 ml are generated on a coke surface,

(d) Eydrogzen and methane. Hydrogen is inherently contained in coke and suzar
charcoai but not on graphite, When these three carbon types are reacted with
water vaéour, 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 at 750°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 75030 to 1000°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 pretrestment then 4.99 ml/gm are evolved and on reducing cuprous
chloride on untrested coke at 75000; 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 75000

only 6% can be replaced by reacting the coke with water vapour at the game
temperature. Also from these results it is obvious that water vapour reacts
with coke at & much higher rate initially than the steady state rate,

Since water vapour generates adsorbed hydrogen then the hydrogen inherently
contained by the coke camnot 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 Pydrogen
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 desworbed 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 750-85000 at 1531, 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 41 , it

is obvious thét no hydrogen is stable on a coke surface st 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'hydrogeﬁ to be completely evolved, The
diffepence 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/em of hydrogen

had evolved, i.e. 81l of the type II and some of the type I that had started
to decompose at 800°C. The difference in volume between thevcoke heated to -
1000°¢ from 750°C and from 800°C was 2.95 mi/em, i.e. all the type II and
substantially mcre 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

(122)

hydrogen., Walker 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°C again suggesting that
tﬁere are several types of adsorbtive sgite. Emmett(1o3) has shown that

when coal is ﬁeated 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 75000.

Methane.production in these experiments was minimgl 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 hydrogén evolved was less than 1:100. The free energy of form-

ation of methane at 75000 is + 8.00 kcal/mole CH, . Thus it can be said that

4
methane molecules do not exist as such on 8 coke surface but, the hydro-
carbons that do exist can, in certain circumstances, thermally deéay to give
methane, When cuprous chloride is reduced at a low rate on-a coke surface

as in experiment P the st bonding disruption ig sufficient to promqte the
gredual and complete decay of type Il hydrocarﬁons 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 % bonding disruption is so massive and
sudden that the hydrogen , forced off the suxface, drags with it ¢arbon atom
that are leosely held by the carbon matrix, i.e. the type II hydrocarbons

are dislodged as the lowest hydrocarbon grouping y 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 experimeﬁt 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 resction produqiné‘a surface oxide
and gaseous hydrogen. The rates of adsorption of hydrogen and of decay of
'Cg and the subsequent desorption of carbon monoxide vary according to the
carbon type and with the gas residence time, In the steady state it‘ﬁas
calculated that on a graphite surface the ratio ofiCS to hydroger. generated
from water vepour was 8.5:1, on charcoal it was 0.1:1 and on coke it was
4.231.

The number of active 'sites [bé) 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 invol;ed in the water
vapour reaction on charpoal 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 ache
ieving a steady state and that the steady state attained was far removed
from thermodynemic equilibrium, It was also found that adsorbed hydrogen
séverely limited the degree of reduction of water vapour and when this
adsorbed hydrogen was removed as in experiment N1, by the cuprous chloride
reduction by hydrogen~above the coke bed, although the number of active
gsites involved remained virtually the same,'the sites vacated by hydrogen

were open to attack by water vapour and so the aspparent 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 70000).
In experiments H and I as the temperature increased from 150°C to 85000
water vapour started to react with the coke at about 50090 and the reaction
products were hydrogen,carbon monoxide and methane, however at 850°C, methane
production ceased,.In two and a half hours the watep vapour reaction had
increased the amounts produced by 13% for hydrogen, 50% 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 }n the steady state was

derived as i=-

3 H2 1H,0

(o} [o) 0.
-drﬂzo/dt - kPHZO/(1+k2PCO+kP +k1>2)

which on the simplification that PCO = PH is equivalent to the rate

(125) °

equation developed by Gadsby et al Upon integration this gives :-

(P°-P) /¥ = X = Z.1/7 1nP%P CCf y=o-m

where P°and P are the initial and final partial pressures of water vapour

and T is the residence time in the bed and,
0 0 0
X = x/[ k] - (K +‘k3)]

e fi o+ P D] /[0 - 0S4 xD] (e p 115)

when the experimental values of Y and P were uéed 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 expeiiments E and G that carbon dioxide production was‘

initiated when there was a sufficient build up of the surface axide,bo\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

t
even though there was & high concentration of Co on the coke surface and

the concentration of carbon monoxide in the gas stream was high. Thus it
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appears that the principal source of carbon dioxide in a steam-carbon system
is from water vapour and the surface oxide:C; and not from‘b; 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 ES held on their surfaces. It was found that, gram for gram,
for every ml of bg on charcoal at 750°C there was 4.5 ml on graphite and

11 Wl on coke., Thus considering the approach of the K6 ratios,for carbon
dioxide production in experiment D, to unity as azfunction of the amount of
carbon diokide produced, then froﬁ figure 12 (p 64) it can be seen that at
low residence times at 75000, that the ordei of ability to produce carbon
dioxide is from coke, then graphite and finally from charcoal. However at
long residencé times this correlation between amounts of Co and carbon dio~
xide produced is not trge 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 aé the temperature increases from 700°C to
900°C for a residence time of seventeen seconds,the Ksratios fall but, the
converse happens at residence times of less than a second and the K6 ratios
increase with temperature. 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 ére only able to-exert their
influence to keep thé 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 8 truer reflection of the reaction
between ’Cc; and water vapour. |

(134), that the initial reaction

Thus this work agrees basically with Eraun
is of water vapour reacting with solid carbon to form a surface oxide and
gaseous hydrogen., However Ergun's work sugeests 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 thé 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 monoxide: and that this rate was largely determined
by the concentration of the adsorbed reactants on the carbon surface, this

(116,175,176)

is in agreement with a number of workers .

(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 40%,
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, Tﬁe catalytic action was explained by the setting up
of 3 potentlal gradient of hydrogen between the coke bed and the region of
copper depos1t10n. As the need for hydrogen increased as the partial press-
ure of cuprous chloride increased, so the potential gradient steepened
to pro&ide 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 @eposition of copper on coke was accompanied by rélease 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 7T
bonding perturbation by the unfilled 'd' bands of copper metal after Long

(125,152) (153), .

and Sykes and Rakswarski
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



(190)

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
couid 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! hydrogéﬁ results of experiment
N1 it was found that:- |

+

log, P(Cu01)3mmHg = = 5540/T°k + 6.3 ¥ 0.1

a8 compared with the directly measured partial pressure of cuprous chloride

from a number of workers as being t-

Log, P(cu01)3 m Eg = - 5276/1°K + 6.354 To0.25.. .. .(30)

Thus measuring the partial pressu£e of cuprous‘chlbride by the indirect
'lost! hydrogen method in experimént N1 was a reasonable experimental
procedure for the determination of the vapour pressure of cuprous chloride,
Also as the experimehtal 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, 500-70000.

This work shows that AH; for the formation of the trimer from three moles
of liquid monomer was 25 to kcal/mole trimer., The JANAF(62) figure is

29.9 t 0.2 kcal/mole»trimer, but this figure was calculated on the assump-
tion that‘AHg was constant with temperature, which of course it is notf
(177)

Guido's mass spectrometric work , which is more recent than JANAF gives

o
v 700°K
is 26.4 ty kcel/mole trimer .

AHO 0%k as 33.7 ¥ o.8 kca.l/mole trimer. Thus as AH is 7.;} kcal/mole

s 64

o .
then a more accurate value ofﬂ Hv 700°K

Q
This gives a closer agreement with the measured value of A Hv from this

work of 25 to kcal/mole trimer over the temperature range 800-1000°K.

(7) Cuprous 6hloride reduction by hydrogen

In experiment N1, cuprous chloride vapour was reduced by gaseous hydrogen
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to copper and hydrbgen chloride on the surface of the silica reaction tube,
Very little copper was deposited on the coke bed itself while some coprer
was deposited on the silicq wool plug on top of the coke bed. It was found
that silieca does‘not adsorb hydrogen to a measufable 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 réspriction but copper was deposited cn the coke as well as on ‘the
silica reaction tube walls above the coke. Therefore it is concluded that
in a system containing gaseoﬁs hydrogen, as generated by water vapour and
ccke, there is no preferential 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
wnderneath 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 remova from 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 cuprous chloride
was incomplete. This was explained by the hydrogen on the-coke surface
‘having an activity of less than unity. At 75000 it was calculated that
this apparent activity of hydrogen was 0.04, even so 99% of the cuprous
chloride was reduced. However at 850°C only 20% 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 subsequently reduce further



(192)

anounts of cuproué chloride since the partial pressure of hydrogen chloride
measured was always constant irrespective of the partial pressure of the
gaseous hydrogen.

In experiment Aé 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 hed to reduce cuprous
chloride on the silica vessel ﬁalls. 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 ﬁass. Therefore this growth was by
migration of hydrogen to the copper surface from the coke bed down a
chemical poteantial.,

Hadjiat(81) found that when employing hydrogen from the.reaction of char-
coal and water vapour, to reduce cuprous chloride vapour on the charcoal
surface,that deposition of copper was more complete at 700°C than at 900°C
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 reductioﬁ was not ag 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 depogition of copper from cuprous
chloride and gaseous hydrogen on gseveral substrates including :- copper
powder, graphite, cha:cgoal or silica.

Thus from this work cuprous chloride will debosit copper from the reaction
with gaseous hydrogen on any convenient surface. Copper will only deposit
on a carbonaceous material when there ig 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 cuprous chloride to

cuprous oxide and hydrogen chloridg. 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 cuﬁrous chloride
which lowered its activity and hence the reaction proxreded more towards

completion, Ha&jiat(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 was rot 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, (&) 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 sinée 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 bressure will be extremely
low. Therefore it is.suggested that dendritic growth,as on the underneath of
the CuCl vessel, only occurs when 3&;>- P(Cu01)3;and the fine crystals

are the predominant growth form when PH2<: P(Cu01)3 as on the reaction

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 oobper by hydrogen migration from the coke, the nature
of the growth was filiform. Also $he copper on copper growth is upwards
i.e. towards the cuprous chloride source and awsy 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 érowth is predominant in a
region where Ih2'< P(Cu01)3’ Hadjiat also noticed these effects.
Thus when cuprous chloride is reduced by gaseous hydrogen on any substrate
when PH£< P(Cu01)3 then fine crystals and filaments predominate whereas
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

ih the TORCO process, both proved and speculated, together with the reaction
studied in fhis 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 té 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 respecf to hydrogen and carbon above SOOOC.
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 metgstable
hydrocarbons i.c, type I hydrogen. l

From the equilibrium constant K scale on figure 42 it can be seen that its

. . X 2 2
value for cuprous chloride reduction by hydrogen is 50 = PHCI/PH x P(éﬁCl)B

2
however for reduction of the trimer by methane at the same temperature of

5 1 2/3 i
7500 its value is 750 = P/ Pey. X P(CuCl)3'

4
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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 woﬁld favoui reduction of the trimer.
The presence of salt in the system catalytically increases the amounts of
hydrogen and more importantly methéne,,from the water vapour coke reaction,
as the temperature of the system is raised to 85000.
Thus cokes and coals of high volatile content would make better segregation
agents, since they contain more surface hydrocarbons and subsequently
genérate 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 cpntent it would be expeéted
tﬁat recovery would rise initially with increasing volatile content. However
at very high volatile contents the recovery would be poor since h&drogen is
reducing the cuprous chloride to fine crystals all over the system. This
was found to be so.(78)
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 wbuld be expected
that copper fecovery 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 t&peé of deposits: Coppér on

coal by hydrocarbons., copper on copper by hydrogen migration and low partia

pressure of hydrogen and coprer on gangue from high partial pressures of d

hydrogen « This is found to be so in practice(178).
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It was also found that copper deposition on coke will lead to the evolution
of carbon monoxide in largerquentities 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 pioposals 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
chioride trimer is reduced by gaseous hydrogen , copper will deposit on anyi
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 maxiﬁum temperature to which the ﬁaterial 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'compa?ed 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 ﬁater vapour has in generating adsorbed hydrogen
is offset by the the fact that gaseous hydrogen is also generated, thus
leading to non specific copper deposi&ion.

If the partiai pressﬁre of gaseous hydrogen is lower than that of the cuproun
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

productioh, 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 85000.

Thus from this work it is suggested that a coal coked at temperatures not
exceeding BOOOC would be & better 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 100090. 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 :-

H20+ Cf—> CO + H2 'cn-ooo..t'-.".o.a00!00.0'0:1'000(8)

H2 + Cfi(HZ) o.o..oooo-00000.0'00.!000.1.000000....(24)

CO — CO + Cf .oo-000.000cvooooo'-000010000000.0(9)

Co + HZO:_—_“ co, + H, + C, ceeersenssesss(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 sﬁrface, this disrupts the 7t 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—70000 and its

vapour pressure was calculated to be i-

Loryo F(oucn), ™ HE = - 5540/ 4 632 0,
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and H; over . the same temperature range was found to be 25 to koal/mole.

PROPOSALS FOR FUTURE WORK,

From this work it has been shown that up to temperabures of BOOOC , & low
temperature coked coal was the best segregation agent , however at temper-
atures gbove this, the hydrocarbons metastsbly 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 oﬁar—
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 95000. 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 ohioride
vapour by carbonaceous materials, a fluidised bed could be employed with
the chloride vapour passing through the bed a2t 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 deﬁection
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 raﬁid sampling of other gases as well as hydrogen’thus

an on-line continuous hydrogen meter would be preferable. Although the

Pye chromatograph was run at its maximum sensitivity ( burning out three
katharometers in the process) for two years continuously,it performed
.extreﬁely well and background noise was much lower than expected., Even

S0 a mére sophisticated machine (e.g. Hewlett-Packard) with automatic

injection would give a much greater constancy in use for repeatgble

injection,
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Only one vapour pressure of water vapour was used in these experiments
since this was the value of the wéter vapoﬁr 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 sufficieﬁt
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 95000 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 thig method
may be used to determine the vapour pressures of chlorides which are

difficult to determine conventionally.,
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REACTIONS

2

n Cu0 + 2nHCL ;—:Z(Cu(}l)n + nED

(cmm)x1 + n/2 HE, — nCu + nHC

x Si0, + 2 NaCl + 1120 —_— Na20xSi02 + 2 HC1

chax + HE O —9%» CO + Hz + Tresidue

2

C + HO —= C0 + H, Ks.coxﬂz/acxnzo
——

€0 + H0Z=C0, + H, K6=002xH2/COxH0

2
co, + C —» 2 CO '

2
E,0 + C.—» Co + H, | X, = Hszo/Hgofo
Co —» CO + nC, '
— P,
o, + C.—=0C0 + Co K, = COx Co/CO,x C,
K, = stx1
K5=PC /a. x H20
8, = Poo X By /K x P
(v 2 H20
K obs = PHz"l’coz/ Pco’“’ﬁzo
K6 calc” exp.-AG/RT
510, + C —» Si0 + CO
810, + 2C—w 51 + 200
5i0, + 3 C—s SiC + 2CO
E,0 + C, —» (Hzo)

(H20) —w=Co + K,

Co=(C0)

Rate = k1PH (1 + KBy %, + kP 0)
(co) ™~ co + nC
H, + (H )

Co + €O —==(c0,)

f

fT—

Co + H20 ——>(002) + H2

(co,) === €0, + nC,
3H + (CuCl)3 =———3HClL + 3Cu

3 3
Kog = Pugy / P(Cuc1)3 * &
logqg P(Cu01)3 mn Hg = - 5276/T°K + 6.354 % 0.25
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APPENDIX

Pye Unicam Series 104 chromatograph Model 34

katharometer max, temperature 350°C.

carrier gas 15 ml/min to 200 ml/hin

detection volume O,3 ml per port

gsensitivity 1000 mv per‘mg of toluene

noise and stability in 5 hours does not exceed h 0.,02m

katharometer power supply

bridge current 500 mA bridge voltage 30 V max
stability varied by less than ¥ 0.02% of bridge current
for either 10% variation in volfage supply or temperat
variation of 1°C,

column oven controller

range of control O - SOOOC in fixed steps of 50°C and
incrementsl control O - 5000' .

setting reproducability -+ 0,25% Stability = 0.1°C

INTEGRATOR  KENT CHROMALOG IIT

mode of operation manual or remote or automatic, slope
controlled.

slope linearity better than 0,1%

répeatability typically j'%-Pv, ¥ 0.1% of area 21 ent

dynamic range 104 to 106 dependent on peak size and

_gduration

maximum count rate 40,000 counts per sec. om either rg
range 0 to 1000 mv or 0 to 100 mv

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°¢
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/se



(214)

sampling rate 8,2 or & samples per second

recorder and computor outputs

_AUTCMATIC TITRIMETER EIL TITRIMETER MODEL 24

ranges 3 to 11 pH subdividéd into 0,1 pH
=800 to + 400 mv subdivided into 10 mv

end point anticipation variable O to 300 mv
stability 0,1 pH

titration accuracy 0,05 ml in 50 ml
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