PYROLYSIS AND THERMAL HYDROGASIFICATION OF HYDROCARBONS

oy

Alberto Ignaeilo La Cava, Ingeniera Quimieo, M,Se,, D.I.C,

DECEMBER, 1976

A thesis submitted for the degree of
DOCTOR OF PHILOSOPHY
OF THE UNIVERSITY OF LONDON

Department of Chemical Engineering
and Chemical Technology '
Imperial College
LONDON SW7

ol



TO GUILLERMO DEMIAN,

AND LIDIA



ABSTRACT

Some phenomena involved in the processes of industrial pyrolysis
(thermal cracking) and hydrogasification of hydrocarbons have been
studied, both theoretically and experimentally, Attention has been
focused on the investigation of the mechanisms and kinetics of reaction.

Both reactions give a range of gaseous, liquid and solid products,
and the experiments were performed at atmospheric pressure, using both a
jet stirred reactor and a tubular flow reactor attached to a microbalance
system., Ethane and butane were used as model hydrocarbons,

The production of gases has been found to involve mainly homogen=
eous reactions, largely independent of the surface, Using a jet stirred
reactor, the gas phase product spectra from the pyrolysis of ethane in the
presence and absence of hydrogen has been studied at high conversions, A
mathematical model has been developed which gives good agreement with the
results, The pyrolysis of butane in the presence and absence of hydrogen
has been studied in & tubular flow microbalance reactor, and a model,
based on free radical reactions, hes been proposed to explain the effect
of hydrogen, The use of free radical models for such more complex hydro-
carbons has been approached using semiempirical modelling procedures.,

Catalytic metzl liners in the reactor wall have been fou;d to
affect the gas product composition initially, but the effect disappeared
after short times on-line, The surface to volume ratio has been found
to affect the gas product spectra.

The production of aromatic liquids has been studied by reacting
butane in the tubular flow microbalance reactor, and the effect of the
different operation variablés has been studied. The presence of catal=-
ytic metal walls affected the production of éromgtics when the reactor .

was first brought on line, Increases in the surface to volume ratio



produced a significant decrease in the éroduction of aromatics., The
mechanisms of aromatics production and the action of hydrogen have been
discussed,

The formation of solid products has been studied using the
pyrolysis of butane in a flow reactor combined with a C,I, microbalance,
Carbon formation has been found to involve a catalytic and a non cataly-
tic route, Hydrogen accelerated catalytic carbon formation and suppress-
ed non-catalytic carbon, Catalytic carbon formation presented a complex
three-zone activation energy in the Arrhenius plot, while non-catalytié
carbon presented only one zone, Catalytic metal walls zffected carbon
deposition on non-catalytic surfaces, Increases in the surface to vol-
ume ratio in the reactor decreased the rate of carbon deposition per unit
area, lodels are presented, and catalytic and non catalytic carbon form-
ation, surface to volume effects and condensation carbon deposition are
discussed on this basis, Finally, the possible role of high molecular
weight polycyclic aromatics as intermediates of non cztalytic carbon
formation, is discussed in the light of compounds found among the reaction

products by mass -~ spectrometry.
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1 GENERAL '

The reactiong.of hydrocarbons at high temperatures have long
been of industrial interest, Although the original thermal cr;cking route
to gasoline has largely been replaced by catalytic processes, reactions
such as pyrolysis, steam cracking and hydrogasification continue to be
of paramount importance., This is largely as a result of the fact that
steam cracking, the thérmal treatment of ethane,propane,butane or naphtha,
is the major route to ethylene and other light olefins,which are the
corner stones of modern petrochemical industry. |

In addition to this well-established reaction, attention is
also being focused on pyrolsis of heavier oils in the presence of
hydrogen (hydrogasification ), The reaction,carried out at high pressures,
leads to the production of methane and of aromatics,and offers future
potential for the conversion of energy producing feedstocks from a less
to a more desirable form,

4lthough these reactions are of considerable importance,
there are difficulties in their operation. In particular,carbon formation
poses many problems,since it deposits on the internal surfaces of the
reactor and peripheral equipment to cause decreased thermal conduct-
ivity and to give tube blocking. The present research was initiated in
order to study some aspects of this problem, in the context of hydrocar-
bon pyrolsis in the absence and presence of hydrogen,

This introductory chapter gives a short review and discussion
of the state of knowledge in the fields concerned with the problem under
consideration, An account of the industrial background and state of dev-
elopment of the technology is given in the first place, and a review and
discussion of the literature in the aspects more related to the scien-

tific background is presented later.
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2~ INDUSTRIAL THERVAL CRACKING |

Thermal cracking is defined as the thermal decomposition,
under pressure, of large hydrocarbon molecules to produce smaller molec-
ules, Lighter, more valuable hydrocarbons may thus be obtained from
relatively low value heavy stocks,

It is believed that the thermal cracking of petroleum was
discovered by accident in a small refinery in New Jersey, U,S,A, A bake
8till was used to seperate oil into kerosene and lubricant residue, Due
to lack of attention the temperature of the residue was allowed to rise
enough to allow cracking to take place and the kerosene was found to be
contamineted with themmally cracked gasoline, (Knight , et.ai. , 1973);

Thermal cracking of oil became commercial with the expanding
demand for gasoline prior to World War I, Later it was noticed that the
octane number of the cracked stock was higher than the corresponding
straight run gasolines. With the advent of increasing compression ratios
of automobile engines, this factor became as important as the yield in-
crease, However, thermal cracking is now becoming obsolete, since the
anti - knock réquirements of modern automobile engines have outstripped
the ability of the thermal cracking process to supply an economic source

of high quality fuel,

A Steam cracking

Although the original role of thermal cracking is now better
covered by more modern processes (which provide higher quality gasoline);
the principles of thermal cracking still have a part to play in the modern
refinery, The most important use is in steam cracking, a themmal cracking
process conducted at low pressure and high temperatures, in‘the vapour phase

and with dilution of the hydrocarbon with steam, This process is primarily



‘used to produce light olefins ( ethylene, propylene, butenes and _1'5

butadiene ) which are the raw materials of modern petrochemical industry,

According to Hardley , et.al, (1973), steam cracking of
naphtha is by far the most important source: of C2 to Ch- petroleum
chemical intermediates in West Europe and Japan, Products from hydro-
cracking and catalytic reforming, boiling in the naphtha range, are used
to increase the straight - run material, The main product of the process
is ethylene, although propylene, butanes and butadiene are important co-
products, Another major co- product is the 05 + liquid, containing
mostly material which is an important source of benzene , toluene and
isoprene,

In the endothermic steam-cracking process, the naphtha
plus steam diluent is decomposed at temperatures between 700 and 900° C.
The presence of steam lowers the partial pressure of the products, and
thus reduces the rate of undesirable bimolecular reactions of the lower
olefins into polycyclic arcmatics and polymerised aromatics., These are
responsible for the deposition of carbon in the reactor walls and coke in
heat exchangers, '

In the industrial plant operation, a mixture of steam
and feedstock (usually naphtha) is cracked, generally in a coil-type
furnace, (Zdonik , et.al, , 1970). Products from the furnace are usually
quenched' using transfer line heat exchayggrs,that allow the recovery of
a large portion of the heat contained in the effluent. Dowtherm, or quench
0il, are generally used as heat transfer media, (Zdondk~, et.al, , 1970).

The normally liquid products (carbon number 5 or more)
are first seperated from the gases, The gases are then compressed and

fractionally distilled at low temperatures, and the liquid is split into

raw steam cracked gasoline and fuel oil plus tar, (Hardley et,al. , 1973).

™
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b. Coke formation in steam cracking,

Steam cracking plants»are expected to operate for a long time be-
fore cleaning is necessary., Plugging, high pressure drops and low heat
transfer efficiency are produced by the deposition of carbonaceous materi-
als on the reactor walls., Eventually, the operation of the plant has to be
discontinued and the system cleaned. The expense of a shutdown is so great
that the minor, slow reaction of carbon deposition is a very detrimental
factor in the whole economy of the plant, (Nelson , 1958 ).

Direct observations from an industrial plant (Trimm | 1974 ) in-
dicated that carbon did not deposit uniformly inside the furnace. tubes.
Very slow coke formation was noticed in the evaporation section of the
apparatué. In the reaction zone, coke deposited steadily but became app-
reciable in the last sections of the tube, At the furnace outlet, in the
guenching system (a transfer line heat exchanger ), coke was found to depo-

sit on the exchanger walls and tubes,

3- INDUSTRIAL THERVAL HYDROGASIFICATION OF HYDROCARBON OILS,

In all the industrial countries of the world, there is an ever in-
creasing demand for energy, and there are political pressures demanding that
the preparation and conversion of this energy should be non-polluting, If
it is possible to accept carbon dioxide and water as tolerable products of
energy conversion, then natural gas is a fuel that provides a clean source
of thermal energy. (Hebden et.al. , 1972 ).

The use of gas as a source of energy in towns and large cities for
domestic consumption has also several advantages :

a) Gas can be transported and distributed to the points of use
through a pipeline network,

b) No further treatments are required at the points of use ;
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c) Easy control and conversion to energy ana
d) The equipment fér conversion is simple and cheap,
These advantages have led to a very widespread use of natural gas
in modern society and hence to a fast consumption of a natural resource
which is not available in unlimited amounts, The problem of the future
depletion of the natural resources which originated the interest in

transforming other fuels into a substitute natural gas, is discussed below,

a - The future natural gas shortage

There are several reasons for the imbalance between gas
consurmption and new gas discoveries., The search for gas had alﬁays taken
second place to oil prospecting in most areas, due to low prices and to
other restrictions -imposed by governments, At the same time, technical
advantages and lower prices have provided an incentive for the use of gas
in many applications, For all these reasons , the United States and most
of the European countries have predicted imminent shortages of natural gas,
which will require either drastic cuts in consumption or the use of suitable
replacements, (Lcm s et.al. , 1976) . &s an example , the prospectives of
gas production and demands in the U,S.A. are given in figure I-1,

One possible way of filling the widening gap between demand
and supply is the production of "synthetic" natural gas by chemical trans-
formation of other fuels, Several processes have been developed recently
that allow the transformation of different hydrocarbon oils distillates,

crudes, heavy residues, and‘coal into a substitute for natural gas.
The three main process routes involved in the.gasification of fuels,

each associated with a typical feedstock are :

- Steam reforming of light distillates
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, 19
- Thermal hydrogasificatién of middle distillates and '
residual fuels,
- Partial oxidation of residual fluels and coal,
During the present work , attention has been focused
on thermal hydrogasificetion process, The main features

and the steps in the development of the process are summarised below,

b= The development of the industrial process

The process of thermal hydrogesification of hydrocarbon oils was
developed by the British Gas Corporation (previously The Gas Council)
between the mid fifties and the mid sixties, The process was inspired by
the same principles as were applied to the previously developed process
of coal thermal hydrogasification. (Dent et.al. , 1957). The initial
object seems to have been to provide a product that could be added to a
Lurgi gas (coal gasification plant) to enrich the heating value, &
further application seems to have been  the production of a high heating
value substitute natural gas (S.N.G.).

In essence, the thermal hydrogasification of oils is a process
of high thermal efficiency, capable of transforming low value hydrécafbons
into a gas composed mainly of methane., The process . is a homogeneous
thermal reaction, and the absence of a catalyst inside the reactor allows

the processing of oils with considerable amounts of sulphur , metals and
other catalyst poisons,

The first stages in the development of the process were carried
out in a carbon gasification pilot plant, The technique used was to suppiy
0il to a bed of coke particles at 700 - 900o C, fluidized with a hydrogen-
rich gas at 20 -50 atm. The expected reactions were the breakdown of
molecules into fragments and the addition of hydrogen to the resulting

olefins :
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R

2 3 2

1

R—CH=CH2-+ H2-—————.—- R

1 = CH, - CH

1 2 3

The exothermicity of the second resction is such as to compensate for the
endothermicity of the pyrolysis, and reaction temperatures can be maintain--
ed by preheating the hydrogenating gas to 300° C - 600o C.

The functions of the fluid bed of coke particles were : (Dent
et.al,, 1957 ) . |

a) To maintain one uniform temperature throughout the reaction

space,

b) To recieve any ash that comes with the o0il and any carbon
formed in the reaction,
c) To act as a support and to provide heat for the vaporization

of hydrocarbons that reach the bed in the liquid state,

Conclusions from the earlier experiments in the pilot plant were

as follows : 1- The most desirable range of operation temperatures
was between 700 - 900o c. BeIOW'700° C the reaction
was found to be very slow; at temperatures higher than

900° C tar vapours tended to crack and form soot,

2- The fluid bed gave good temperature contrql and re=-

tained the ashes of the oil,.as expected,

3- 1In order to avoid carbon deposition, it was very im-
portant to get a good mix of hydrocarbon: vapours
and hydrogenating gas before they were admitted to the
reactor,

L~ No agglomeration ggcurred in the bed when hydrogenating

light distillate or gas-oil, but the agglomeration and
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caking of the fluid bed was found to be serious when
hydrogenating crude or residual oils. It was found thatn
the natural circulation of the fluid bed was not.enough,
and caking occurred mostly near the oil feed point .,

The hydrogenation of a light distillate of boiling point 24~
69° ¢ gave 97 - 100 # gaseous products, up to 3 % benzene, 0.2 # naphth-
alene and 0.1 % higher aramatics ., No éarbon deposition was observed at
32 atm, and 715 - 740  C.

When hydrogenating a gas - oil of boiling range 210 - 5680 C,
80,7 % gas was obtained, together with 12.6 % benzene, 4.3 % naphthalene,

2,4 % higher aromatics, without carbon deposition, at 32 atm, and 7800 C.

To perform the hydrogenation of crude and residual oils, the
initial reactor was modified, Figure I-2 shows an improved version of the
modifications made to the fluid bed, intended to promote a higher recircule-
ation rate in the coke particle medium, Model studies established that the
coke recycle rate was high (of the order of 2000 |b /hr). —

Experiments made with a crude oil, ( 31 % of it's weight distilled
below 268° C) hydrogenating at 32 atm, and 765 - 820° C, gave 77 % gaseous
products, 10 % benzene, 3 % naphthalene, 9 % higher aromatics and about 2,7 %
of deposited carbon , No coking or agglomeration of the fluid bed occurred
and the op.eration of the recycle reactor was successfull,

The hydrogenation of a heavy fuel oil ( viscosity nominal Redwood
N © 1 of 3000 sec.) in the same reactor gave 66 % gas, 9.5 % benzene ,

6.4 % naphthalene, 13,3 % higher aromatics and 5 % of deposited carbon, when
treated at 32 atm, and 755 - 7850 c.

In parallel with the pilot plant scale developments , a series of

laboratory experiments were performed , tending to establish the general be-

haviour of the system and provide more information for the pilot scale
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operation, ( Dent , ef.al. , 1957) '

Hydrogenation of light distillate in an empty tube at 700 -
800° C gave total conversion to gases , independent of the oil/hydrogen
ratio at 10 seconds residence time, The gasification of gas-o0il was more
condition - sensitive, the conversion to gases increased with the temper-
ature and decreased with the oil/hydrogen ratio, At 900o C some carbon
deposition occurred, ‘

The calorific value of the product gas increased with the oil/
hydrogen ratio and reached a value of 1024 BTU / S ft3 at 25 atm, and
7000 C. The effect of using a longer residence time was checked; increases
from 10 to 100 sec, produced a very slight increase in gas production,
Raising the pressure from 25 to 50 atm. enhanced the yield of gaseous hydro-
carbons produced,

Experiments were also made in a laboratory reactor filled with
coke and operating in the fluidized conditions , In the new system, as
with the empty reactor, the hydrogenation of light d;stillate to gas was
complete, above 7000 C., The hydrogenation of gas-o0il, however, showed
that the production of gaseous hydrocarbons decreased slightly (2 -4 % )
with respect to the empty tube, probably increasing the amount of aro-
matic products. At 700° C some xylenes were found in the condensate,

The effect of increasing the pressure of the fluid bed re-
actor when hydrogenating gas oil was found to be an increase of the
yields of gaseous hydrocarbons and benzene and "a. decrease in the pro-
duction of naphthalene and higher aromatics, The calorific value of
the produced gas increased with the operation pressure,

A further stage of development of the industrial process was
more concerned with the production of aromatic hydrocarbons, and particu-
larly, benzene, (Moignard , et.al , 1959 ); The previous experiments

with gasification of hydrocarbons had shown that certain amounts of aro-
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" matics were formed as by - products, and further research was devoted
to establishing the conditions that would give higher yields of higher
purity benzene, It had been established that, at 10 seconds residence

time , the hydrogenation of a light distillate at 700o C and at a rate

of 5 gallons of distillate / 1000 f"‘t:3 Hz gave complete conversion to
gaseous products. When the distillate was fed in higher proportions

( 10 to 30 gallons / 1000 £t H, ), aromatic hydrocarbons were synthesized

at 700 - 800° C up to 20 - 25 % of the carbon contained in the feed.
Studies were then made with a laboratory silica - lined:
reactor that contained a fluidized bed of carbon particles ( 72 - 200 B.S.S.).
Pressures used were lower than in thermal hydrogasification, being of the .
order of 10 atm, ( Moignard , et.al. , 1959 ). Typical experiments gave
82 % gas, 6.9 % benzene, 3.15 % toluene, 4.7 % of naphthalene and higher
polynuclear aromatics, No carbon was deposited in the run, At a residence
‘time of 10 seconds, the yield of aromatics increased with the distillate /
H, ratio up to a value of 28 gallons / 1000 f“t‘.3 H, . Further increase in -
the distillate feed did not increase the yield of aromatics,
. When the effect of reaction temperature was studied, the
yield of aromatics v;as found to increase with temperafure from 700 to
800° C. At the higher temperature range, higher amounts of other aromatics
and carbon were formed.
Increasing the pressure in the reactor from 10 to 25 atm,
a) increased the production of benzene and naphthalene and
b) increased the deposition of carbon,
Therauthors considered that the effect of pressure was small (._Mon.gnard,
et.al., , 1959 ).
Some of the experiments were more concerned with ideas ab-
out how aromatics are synthesized in hydrogasificetion. It had been postu-

lated that benzene could be produced by dehydrogenation of cyclohexane pre=-

sent in the distillate, and an experiment was made with some pure hydrocarbons
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to test this hypothesis,

In all the cases in the following table the conditions were:

750o C, 10 atm., and a rate of 8 gellons / 1000 f'h3 o Hy o

TABLE I-1
PRODUCTS OBTAINED FROM HIDROGASIFICA.TION OF PURE HYDROCARBONS,

( From Moigpa::d et,al. , 1959 )

METHYL METHYL
COMPOUND % CYCLO CYCLO CYCLO
IN PRODUCTS | HEXANE HEXANE HEXANE . PENTANE

GAS ' 93.3 72.4 74.0 72.3
BENZENE 4.0 o 12.8 13.3 14.9
- TOLUENE 0.5 2,8 2.4 el

This table indicates that more aromatics were produced from
cycloparaffins than from normal hydrocarbons, but that aromatics were
produced in the absence of cyclic hydrocarbons. The fact that less
toluene is produced from methyl - cyclohexane than from cyclohexane puts
a serious objection to the idea that aromatics were produced by dehydro-

genation of cycloparaffins, It should be noticed also that the amounts of
benzene and toluene obtained from 5 membered cycloparaffins is the same as
obtained from 6 membered cycloparaffins, contrary to what should be expected
from a direct dehydrogenation route.

Some other experiments were made in the laboratory fluidized re-
actor, concerned with the demethylation of toluene., The experiments showed
that & maximum of 98 % of benzene could be obtained from the demethylation

of toluene at 800° C, (10 atm, , at 10 seconds residence time ) with a

feed of 3.5 gallons of toluene / 1000 f'1:3 of H., . The yield

2
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" of benzene from toluene was found to increase with temperature , with
higher H, / Toluene and with residence time,

The principles of demethylation were also applied to the
purification of the liguid condensate produced in the synthesis process,

using a reactor assembly as shown in the diagram below :

MIXER
SINTHESES PURIFICATION
O /-\ (o]
750" C 800~ C
EXTRA H2

The conditions in the purification stage were 800° ¢ and
25 atm, The amount of carbon deposited was high ( 6.5 -~ 7.4 % ), but
xylenes and polycyclics disappeared, The liquid condensate contained
benzene, traces of toluene and some naphthalene, but the higher aromatics
were destroyed to give benzene., In the overall process, 20 % of the
carbon contained in the feed was transformed to benzene,
In all the previous experiments, the benzene produced could
be purified by simple distillation to give a product that would fulfill
all the Specif‘ications of purity, with the exception that the content of
sulphur compounds was very high, This sulphur comes from the distillate
feed to the reactor , and from the coke particles used in the £luid bed.
Experiments were made with a sulphur - free distillate
(« 1 ppm ) and the reactor was filled with cammercial silica - alumina -
particles., The first run gave a high carbon deposition ( 8% ) and a
higher proportion of aromatics, In the following runs, carbon deposition
fell to 2 % , the amount of arcmatics decreased, and a pure benzene (by

simple distillation ) was obtained.
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At this stage of.the development, the major features .
of the processes were concerned with the use of the fluid bed and the re-
circulating fluid bed reactors, A new way of effecting the hydrogenation
of light distillates was then considered. (Murthy , et.al, , 1963). With
light distillates, carbon deposition can be avoided because the distillate
is completely evaporated and mixed with hydrogen before entering the
reaction vessel, The ﬂew concept was, then, to produce the thermal hydro-
gasifiication of light distillate in an empty reactor with internal gas
recycle , as shown in figure I-3, .
VWhen the mixture of distillate and hydrogenating gas is
injected at high velocity into one end of the inner tube, the contents of
the vessel circulates down the central tube and up the annulus, This en-
sures a good uniformity of temperatures inside the reactor, Model work
showed that the Jet can entrain 20 times its own volume, so that the gas
can circulate about 20 times before leaving the reactor,
The products from the gas - recycle - hydrogenator (G.R.H.)
were 30 % gases and 10 % condensates, Carbon did not deposit in the reactor
except at low pressures (70 psig. ) or high distillate / hydrogen ratio

( 7.4 gallons of distillate / 1000 ft3

H, ). The benzene produced contained
high amounts of sulphur compounds , Otherwise, the benzene obtained by
simple fractionation was of the highest quality.

The G,R.H, was used successfully with fractions of hydro-
carbons of higher boiling point, (Thompson , et.al, , 1966). When & fraction
of boiling point up to 3350 C was hydrogenated, the preheater blocked in a
short time and there were signs that vaporization before the hydrogenator -
was incomplete,

Runs were made in a pilot plant G.R.H. to check the effect

of pressure on the calorific value of the gas produced from a low boiling

point distillate, Gas of 1000 BTU / ftj was prepared at 450 , 650
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| and 900 psig. Traces of carbon deposit.ion were found at 450 and 650
psig. but more were fommed at 900 psig,

The successful operation of the G.R.H. seemed to depend
on very few restrictions, that can be analyzed at this stage of the rev- -
iew, Most of these correspond to the fact that the G.R.H. cannot operate
under conditions which carbon is formed, and this has been found to limit
severely the use of the reactor. As an example, this restriction does not
allow, up to the present, the use of the G.R.H. to hydrogasify crude or
heavy oils, In the first place, it is very difficult to vaporize complet-
ely a heavy oil, In most cases , the vaporization temperature falls within
the range of liquid pyrolsis, which-due to the high concentration of the
liguid hydrocarbons could be very fast and could produce the blockage of
inlet tubes and nozzles,

If droplets of unvaporized hydrocarbon reaches the react-
ion chamber, there is a high probability that the drop wouid. undergo pyr-
olysis to cérbon formation instead of vaporizing, mixing with hydrogen
and reacting to produce methane,

Secondly,from the experiments done by the British Gas
Council, it was found that crude and residual oils always give some carbon,
Thus the technology that ‘would allow thermal-hydrogasification of these
0ils would also have to supress the formmation of carbon and to produce a
way of gasifying the liquid feed. _

On the other .side, the older technique of putting a fluid
bed of solid particles inside the reactor, follows the idea that,provided

that carbon will be formed inside the reactor,a collection surface provides
a way of " trepping " the carbon in such a way as to avoid its deposition in
inconvenient places.

As a result of these type of arguments , opinion is divid-

ed as to the relative merits of the FBH and the G.R.H.,and many recent develope
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TYPE OF REACTOR

Fluid bed of coke

particles

Recirculating

fluid bed

Gas Recycle
' Hydrogenator

Simplifiied -
reciroulating
fluid bed

TABIE I-2

THE DEVELOFMENT OF THE INDUSTRIAL THERMAL HYDROGASIFICATION,

FEATURES
Hydrogenate light
distillates

Hydrogenates light,
heavy distillates and

crudes

Hydrogenates light
and mediwm distillates

Fydrogenates light,
heavy distillates
and crudes.

DISADVANTAGES

Caking of the bed with

heavier fractions

Complicated design to

recirculate bed.

Not having particles to collect
carbon formed , severe carbon
problems with higher fractions

and crudes.

Has & fluid bed inside.

6%
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ments show features of both systems . Thus, for example, a recent Gas
Council process is, in essence, & G.R.,H, inverted and modified to hold
"a fluid bed of carbon particles (fig., I-L ). This unit is cheaper and
it's performance in the hydrogenation of crude oils is excellent,
(Thompson et.al, , 1966).

Thus it can be seen that the application of the hydro-
gasification reaction has involved a trend of development and that the
optimum reactor configuration is still open to question,

Table I-2 sumarizes the different stages in the
development of the process of thermal hydrogasification in pilot plant
and semiindustrial scale, The details on the formation of carbon in the

G.R.H. are given below,

c ~ Carbon formation in thermal hydrogasification,

The presence of severe carbon formation problems became
evident when British Gas was developing the industrial process associated
with the gas - recycle - hydrogenator, (Thompson et,al, , 1966). There
were two differences from the previously developed technology : the press-
ure was lower in the new process and & certain amount of CO2 was present
in the hydrogenating gas,

Pilot plant experiments were carried out to study the
effect of the new operating conditions. Carbon was formed in the hydrogenat-
tor when the pressure was reduced but this formation was suppressed by lower-
ing the operation temperature from 7500 C %o 7000 C. Carbon deposits ree
appeared as soon as CO2 was allowed into the reactor, The temperature '
could not be further reduced for reasons of reactor thermal stability, but
these final traces of carbon formation were eliminated by adding 5 to 10 %
of steam to the feed, Successfull experiments were then performed in the

pilot plant,

Carbon fomat:i:on troubles started again when the first
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commercial plant was set into operation, Since the pilot plant exp- -
eriments were carried out with sulphur containing distillates while the
commercial unit used a purified feedstock , the lack of sulphur in the
feed was blamed for the production of carbon, This was shown to be true
when the carbon formation  problems . were solved by adding 10 p.p.m, of
sulphur to the feed, (Thompson et,al, , 1966)
Pilot plant studies were then performed with purified
~ @istillates in the presence of sulphur at different levels in the feed,
When the amount of sulphur was less than 2 ppm , soot appeared in the
outlet stream of the reactor and when the unit was opened, there was a L
thick layer of sooty carbon all over the internal surfaces of the reactor,
Further experiments showed that 10 ppm of sulphur was a safe margin for
operation of the plant., This d4id not suppress the formation of a hard layer
of carbon in the internal walls, but did minimize soot formation . Hard

carbon was found to depend on sulphur as shown below ,

AMOUNT OF SULPHUR AMCUNT OF CARBON
10 ppm 300 gr.
100 ppm 50 gr.
300 ppm Nil,

The internal walls in pilot plant and industrial reactor
were 18 / 8 stainless steel. Knowing the catalytic properties of this
material for carbon formmation , the question arose whether, instead of add-
ing sulphur , it was not better to use another material for the wall, Tests
on carbon formetion tendencies of metals were made, and copper was found to
be inert to carbon formation. On this basis new hydrogenator internals were
made from copper such that only this material was in contact with the gas at

high temperature., It wes difficult .. to start the reaction in the new

system, but once started, considerable gquantities ( 4000 g ) of carbon
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were produced, This carbon was : a) hard carbon adjacent to the metal
surface and
b) sooty carbon adhering to the hard
carbon layer,

Traces of nickel were found in the carbon and it was assumed
that this material probably carried by the distillate from the internal
surfaces of the vaporizer , was causing the high carbon fommation . The
material of the vaporizer was changed to copper and the reaction was per-
formed again : the amount of carbon formed was as high as before,

This series of experiments ruled out coppef as a wall material
in the'gas - recycle hydrogenator., Stainless steel with traces of sulphur
in the feed seemed to offei a better solution,

These experiments , with pilot and industrial plants for the
thermal hydrogasification of oils, show that carbon formation and depo-
sition on the reactor surfaces can be a serious source of trouble in the

operation of commercial plants, A better knowledge and understanding of
the phenomena involved in carbon formation , which may allow forms of re-

ducing the problem, is seen to be very desirable,



' 33
- PYROLYSIS OF HYDROCARBOIS. '

The chemical reactions involved in the pyrolysis of hydro-
carbons play an important role in the processes studied in this research,
It is now firmly established that these reactions proceed following
Rice - Herzfeld radical chain mechanisms, (Leathard et,al. , 1970).

A review of some mechanisms is given below,

a - Pyrolysis of light paraffins

The pyrolysis of methane is the simplest mechanism of free-
radicals breakdown, but the true sequence of steps as yet to be established
4 review of the system was given by Khan et.al. (1970). Shock tube studies
give values of activation energy éreater than those cobtained in convention-
al reaétors, indicating the possibility of heterogeneous effects on the
reaction, '

Mathematical modelling of the free - radical mechanism of
methane pyrolysis and the estimation of the kinetic parameters using

quasilinearisation techniques was made by Denis et.al. (1974) , and
reasonable agreement was obtained between model predictions and exper-
imental results.

The mechanism -of ethane pyrolysis was discussed by Quinn

(1963) . The following sequence of reactions was proposed to represent

the reaction at low conversions :

C H ——= 2 CH.-
26 3

CH,- + 021{6--——--. CH + 02H5.

3 4
H. + CZHG ———————— H2 + 02H5-

CZH5' S—— CZHlp + H,
2 0255--————- CAH1O

2 Cfly —C, + Gl

Mathematical modelling of the sequence of free-radical
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reactions was attempted by Snow et.al. (1959) , Snow (1966) and

(1972) .

Robertson et,2l,

Pacey et.al, A simplified molecular model was proposed by
(1975) for purposes of optimisation of ethane
pyrolysis plants,

4 mechanism for the pyrolysis of propane at low conversions

was proposed by Herriot et.al. (1972) , based in the following
sequence of reactioné :
03H8 ——— CHB' + CZHE'
CHB‘ + CBHS — CHh- + C3H7'
CHlg: + Cgfig ———= CH, + C.H.
Cpflg: ——= CJH, + . H
H- + 03H8 ——— H2 + 05H7.
C3H7. —_— CZHI,, + CH}.
C3H7. — C3lig + H.
2 CH}‘ —_—r CZHG
CHy-  + CBH'(" ——= CH, +  CgHg (or CAH10)
2 03H7. —— Gl + C3Hg (or C6H1z,, )
A set of constants for a model, based upon the above reactions, was also
proposed by Herriot et.al. (1972).
Pacey et.al. (1972) mathematically modelled the pyrolysis of

butane at low conversions, with the sequence :

C,Hyo 2 CoHg.
Clg TGy + O
CHie  +CHyg CH, + CLHS'
7 CHS' + CAH10 CHh. + CAH9'
Cla-Hé' CZHI" + 021{5'
CAH9‘ _-_..CBH6 + CH3'
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H. + Cl.;.H"I 0 —— H2 + CL._H9c
2 02H5o ——— CL._H1 0
2 02H5' —. 02H6 + CZHh
CZH5 » + CHj.  —— C3H8
2 ng  —— 02H6
He + CBHG' —— CH3 + CZHL

liodelling of the pyrolysis of higher paraffins and modelling
of high conversions of either short or long chain paraffins, result in a
large number of elementary free-radical reactions involving free-radical
species reacting with primary and secondary products of the reaction. Mode-
1s involving too many reactions do not have any theoretical interest and,
as the computational effort is very large, are not practical. The solut-
ion is to use simplified approachés and semiempirical methods, Thus for
example, Murata et.al. (1975), have solved the difficulty with semiempir-
ical models representing the network of kinetic reactions and empirical
parameters simulating the total behaviour of the reaction. Still more
simplified way; of obtaining product compositions during industrial

pyrolysis (steam cracking) have been given by Zdonik et.,al, (1970)

b~ Pyrolysis of olefins

The pyrolysis of ethylene was studied by Kunugi et.al. (1969)
and the main products of the reaction were found to be hydrogen, methane, .
ethane, propylene, 1- butene and 1-3 butadiene, The minor products were
found to be acetylene, cyclopentene, cyclopentadiene, cyclohexene and
benzene, Trace amounts of cis and trans 2 butene, cyclohexadiene,toluene,
xylene isomers, styrene and polycyclic aromatics (mainly naphthalene)
were.identified. Carbon deposits in the reactor wall were found to be less

than 0,0L weight % of converted ethylene, A series of free-radical reaction
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" steps were studied to explain the experimental observations,

The thermal reaction of propylene were studied by Kunugi , et.al.
(1970). In this case, the main products were found to be ethylene,
methane, hydrogen, butenes and butadiene., Minor products were cyclo=-
pentadiehe, methylcyclopentene, hexadienes, cyclopentene,benzene,
toluene, ethane, acetylene and polycyclic aromatic hydrocarbong‘(mainly
naphthalene), Traces of allene, methylacetylene, propane, cyclohexane,
cyclohexadiene, L4-methylcyclohexene, xylenes and styrene were also
identified, Deposition of carbon on the reactor wall was very small
and was generally neglected, An overall kinetic law based on a three
halves order can explain the behaviour of propylene decomposition
with k = 1015:06 exp (- ééé%g) cc1/2 /(mole 2 sec, ).

A free radicals mechanism to explain the previous results has
also been developed (Kunugi , et.al. , 1970 a).

c- Pyrolysis in the presence of hydrogen

The presence of hydrogen during the thermal decomposition of
paraffins is expected to hydrogenate olefins produced during the re-
action, (Dent, et.al., , 1957). The thermal hydrogenation of olefins
proceeds normally through a free-radical chain, as given by Benson

(1968):

———— H..
H + 02H 02 5
C2H5' + H ——— 02H6 + H-

Apart from its effect on the unsaturated products of the primary
decomposition, hydrogen has an accelerating effect on the decompositiOn
of paraffins, with the exception of ethane. (Thompson et.al. , 1973).

The effect of hydrogen on the rate of decomposition of paraffins can be

represented by the equation:

RATE = {Cq + Cy [ Hz]} [ gmx;ocamaoxv]
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Experiments with a series of hydrocarbons gave the values of

the Arrhenius parameters given in the following table: (Brooks , 1967).

ydrocarbon [1log & (no H,) log A (90 % H2) E (keal/mole)
Ethane 17.5 . 17.5 90

Iscbutane 14.5 15.2 64

n-Butane 17.3 17.6 Mo, 71.8
Neopentane 12,1 12,3  50.7
Cyclopentane 11,3 11,9 60,

A1l the above values are calculated on a simplified model for

the decomposition :

8Cx Hy + (16x - Ly) H, —8x CH,
First order reaction with respect to the hydrocarbon was assumed,
To explain the accelerating effect of hydrogen , it is generally
proposed that the less reactive alkyl radicals are replaced by the more

reactive hydrogen atoms via the methathesis reaction : (Benson , 1965)

R. + Hé-——-—- RH + H-
Another explanation may be that the above reaction would compete
with the temmination:
R, + R, ——» R2

and hence would increase the chain length and increase the decomposition

of the hydrocarbon,

d- ° Pyrolysis and thermal hydrogenation of aromatics

Aromatic systems can undergo different thermal reactions,

as follows: (Thompson et.al, 1973).



1- Reactions involving side chains, such as dealkylation,
alkylation, condensation of rings through side chains
and reactions of the side chains,

2- Polymerisation of the arcmatic system, with the formation
of polyphenyls and hydrogen.

3~ Breakdown of the aromatic ring, to give several smaller

fragments, such as

CH, » CH, , C g, CH , Hy .

The pyrolsis of benzene starts at about 700° C, showing the
)
high stability of the aromatic ring. Up to approximately 780 C , the

principal reaction is: (Thompson et.al., 1973)

2@ -—-——- + H,

The production of higher molecular weight aromatics can proceed in the

following way: (Badger , 1965)
) + @ i @ @ t_@._. HIGHER
© @ POLYCYCLIC

AROMATICS

Virk et.al, (1974) consider the above route as a possible
route to carbon during aromatic pyrolysis. "Their - theory , however,
does not take into account that phenyl polymerisation is a slow pro-
cess and that carbon can be formed in & few milliseconds in the gas
phase, Other processes may 1?uild polycyclic structures towards

carbon, The breakdown of the aromatic ring may produce building

blocks that may construct polycyclic molecules as follows: (Thompson

14
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et.al, , 1973).

@ @ | 02H2 + Cll‘H}.
+ C,H,» + C H_» HIGHER
o~ 00 " 00D -

AROMATICS

Ring fission takes place at temperatures sbove 780° C and will
-produce the evolution of methane and light hydrocarbons,
According to Brooks et.al. (1971) the pyrolysis of toluene

proceeds according to the following mechanism:
@—CH3 —— @—CHZ- +H-
He + @— CH3 —t— | @—CHZ- +H2
v O —— O ey
CH3' + @— CH3 e s @— CH2- + CH&-

©) cns +-c1, O) — O)c-c
2 2 H. H
2 T2

In the presence of hydrogen the mechanism changes to:

(Weiss , et.al, , 1963)
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O o + O - =
O - we o - =
(Ot —— O - O
: O —

According to Thompson et,al, (1973), while benzene decomposition

O ————

is very insensitive to hydrogen pressure, toluene pyrolysis is significa-
- tively accelerated by hydrogen,

The thermal hydrocracking of n-butylbenzene was studied at low
temperature by Slotboom et.al. (1974f). The main reaction was the side
chain cracking, resulting in styrene, toluene and propenylbenzene,

Benzene was formed by dealkylation of butylbenzene, Products from cyclis-
ation reactions, such as tetralim, naphthalene and other bicyclics were
detected at low concentrations. The partial pressure of hydrogen had only
a minor effect on the rate and selectivity.

The major products from the pyrolysis of naphthalene were found to
be the binaphthys, (Fitzer et.al, , 1971). Secondary products were
perylene, benzofluoranthene, terylene and higher ternaphthyls. At above
700o c, some’finé fission produced benzopyrene (Badger, 1965). The activ-
ation energy for the decomposition of naphthalene, calculated as a first
order reaction is abouf 80 Keal/mole. (Lahaye et.al. , 1968).

The pyrolysis of anthracene produces six isomers of bianthril bi-
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"santhrene and dibenzoperylene, (Fitzer e#,al, , 1971). Via a similar
mechanism, the pyrolysis of phenanthrene gives dibenzo {b,n) perylene

and dibenzo (b,k)perylene. Higher condensed products are also formed,
The pyroljsis of phenanthrene in the presence of excess hydrogen is
carried on with the participation of hydrogen atoms acting as chain carr-
iers, In the first place, phenanthrene is hydrogenated thermally to give
1-2-3-=4 tetrahydrophenanthrene and 9-10 dihydrophenanthrene, The aliphat-
ic ring is then hydrocracked to give different products. (Penninger et.al,
1973).

The pyrolysis of fluorene, tetralin and indane proceed in the
same form in the presence of excess hydrogen, Hydrogen atoms produce the
scission of the non - aromatic rings and the fragments are hydrocracked,
(Penninger et.al. 1973a , Penninger et.al, , 1973b).

To summarise then, the general trends in decomposition react-

jons involving aromatics can be given as follows: (Fitzer et.al, ,1971).

1= Unsubstituted aromatics react by chemical condensation
to form polynuclear aromatics, The aromatics having the
anthracene configuration are the most reactive.

2- Alkyl - substituted aromatics are more reactive than un-
substituted aromatics, the effect being more pronounced
the greater the number and the length of the alkyl groups.

3- The alkyl groups are in the position where the formation of
new aromatic systems take place,

L- The highest reactivity is exhibited by aromatics contéining

five - numbered ring systems,

e~ Surface effects during +thermal reactions of hydrocarbons,

Chemical reaction processes can occur either in a gas homogen-



42
" eous phase and in the solid gas interphase . Both types of reactions

are of widespread use in practice, as catalytic (mainly surfaces) or
homogeneous processes,

During the thermal reaction of hydrocarbons, there is at least
the hypothetical possibility of a heterogenous process taking place on
the reactor walls, simultaneously with the homogeneous, free radical
reactions that occur in the gas phase, This possibility brings under
discussion other hypothetical phenomena : that processes in the wall
may affect the homogeneous reactions and that reactions in the gas
phase may affect surface processes,

One way in which homogeneous and heterogeneous processes can
interact is through the main molecular species involved in the reaction,
The reactor wall may exhibit catalytic activity, which means that molec~
ular compounds are absorbed on the surface, react and desorb, promoting
increased conversion in some of the reactions, An example of this
type of interaction is given by Slotboom et.al. (1974), when they re-
port several transient effects attributed to the reactor wall and find
that certain reactions involving aromatics are afflected by the ageing of
the reactor wall,

Another type of interaction invoive free radicals and reactor
surfaces, Termination reactions of the free radicals at the wall can
end a chain reaction and hence will affect the homogeneous process,
Hydrogen atoms, for example, would recombine preferently at the wall,
for energy~ transfer reasons . A rapid calculation applied to a

-1

laboratory reactor (surface to volume ratio : 1 cm ) with the

kinetic theory of ideal gases, indicates that the efficiency of collis-
ion with the wall that will give to the wall termination reactions the
same importance as the homogeneous radical recombination, is of the

order of 10-'1F . This result indicates that the nature of the surface



4.3

in contact with the gas could have a profound effect on the gas phase
processes, Several effects of this nature were reviewed by Leathard et.al,
v(1970). The effect of some impurities over certain surfaces, such as oxygen
and oxides , were found to disturb markedly the homogeneous reaction, The
nature and conditioning of the carbon layer deposited on the reactof walls
was also found to be very important, (Blackemore, et.al. , 1973).

Initiatiation of free radicals at the reactor wall is another
form of interaction between surface and gas phase that may be present during
hydrocarbon pyrolysis. No results have been reported that could indicate
that this effect may be significant.

The existence of parallel reaction free-radical chains in the
gas and on the surface is also possible, at least hypothetically, Makarov
et.al, (1969 and 197, assume the exsistence of surface free radical chains
that compete with gas reactions. His model was applied to methane pyrolysis
in the presence of carbon particles,

One experimental method, widely used in homogeneous kinetics
research can be used to identifyy the presence of heterogeneous effects, The
technique is to change the surface to volume ratio in the reacting system,
If no change in the rates are observed, it is assumed that the reaction is
purely homogeneous,

The criteria seems quite logical, but fails to take into acc-
ount that the system could exhibit lack of parameteric sensitivity towards
the surface to volume ratio under certain circumstances,even though the
surface may be playing an important role in the reaction, In the results
presented by Slotboom et. al, (197h) , such a failure becomes evident. A
change in S/V from 3.1 to 13.3 an =} did not produce any change in con-
version rates and product selectivity, This experimental fact could have
taken as a proof of no participation of the surface in the reaction, but

a temperature history effect was observed that could only be attributed to
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surface conditioning and interaction with the homogeneous reactions,

As a conclusion from this example, the lack of observable
effect of S/V on the reaction does not prove the absence of heterogeneousl
effects, Surface effects in homogeneous reactions are poorly understood
and constitute a very important field of research, with theoretical and

practical implications,

5- SYNTHESIS OF ARCKATICS DURING TEE THER.AL REACTION

OF PARAFFINS AD OLEIINS.

In the pyrolysis of paraffins and olefins, a certain amount of

liquid condensate or solid is formed as a byproduct of the reaction,

This condensate is generally made up of benzene, toluene, and small amounts
of polycyclic aromatics., This observation was made in the first pyrolysis

experiments published by Berthelot. . (Badger, 1965)

When pyrolyzed at 750° C in the presence of hydrogen and at
the stoichiometric amount required to produce methane, a series of pure

hydrocarbons gave the following yield of aromatics : (Brooks , 1967).

HKYDROCARBON Hy/HC % BENZENE % TOLUENE
n-hexane 6 3,2 : 0.3
n-butane 3 3.7 0.5
neopentane 3 5.3 1.1
isobutane L 6.1 1.3
cyclopentane 5 12.1 3.1
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Percentage olefins in the initial breakdown products of hydrocarbons

at 560° C - .. - (Thompson et.al, , 1973).

HYDROCARBON INITIAL % OLEFINS
n-Butane 25,0
neo-pentane 33.6
iso-butane ‘ 52,0
n -hexane 58.7
cyclo-pentane 98,0
cyclo-hexane 95.0

In the sbove experiments, the order of efficiency of pro-
duction of aromatics seems to be correlated with the initial amount of
olef'ins produced initially by the hydrocarbon in its early stages of .
breakdown, Apparently then, olefins and their derivatives play a role
in the formation of aromatics., In the ébove reactions, most of the gas
product was methane, with small amounts of ethane, ethylene and hydrogen.
In the liquid, 2 % wes diphenyls and polynuclear aromatics, The yield
of aromatics was foﬁnd to rise with temperature, approximately doubling
in the range of 700° C to 760° C.

The total pressure seemed to have little effect on the prod-
uction of aromatics, The proportion of hydrogen present in the reactant
mixture, on the other side, seemed to play a decisive role in the product-
ion of aromaticé. The amount of aromatics decrease with increasing the
hydrogen / aromatic ratio,

a- The mechanism of thermal synthesis of aromatics

The experimental observation that acetylene pyrolysis gave

benzene and other aromatics, made Berthelot suggest that the mechanism
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of synthesis was (Badger , 1965)

Hydrocarbon = ————w Lcetylene ————wp~  Aromatics

~ aromatics being produced via a process of polymerization of acetylene,

The idea has the inconvenience that acetylene is not an important pro--

duct in pyrolysis of hydrocarbons,

The butadiene intermediate hypothesis:

Hydrocarbon ———————== Butadiene ————w- Aromatics

originated from the observation that the pyrolysis of butadiene gave

a tar with 25 % benzene and 20 % naphthalene, According to this hypoth-
esis, eromatics are formed by a series of Diels - Adler reactions involv-
ing alkenes and butadiene or aromatics and butadiene; (.Fitzeret.al, ,

1971 ).

i *r | —— O — @
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The pyrolysis of butadiene gave Cyclohexene., cyclohexadiene and 08
aromatics at 550° C. (Badger , 1965). At 700° C complete conversion of
the acyclic and alicyclic components to arcmatics occured , and benzene,
toluene, and polynuclear aromatics were observed among the products,

Ethylene and propylene have been seen to react with butadiene to

give the Diels - tdler adducts cyclohexene and 3 méthylcyclohexene , and

with increased contact time - benzene format;l.o_n was observed in the
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presence of ethylene and toluene formation in the presence of propylene,

There is thus good evidence that a type of Diels -~ Adler reaction can
occur at high 'temperatures, and it seems likely that this reaction
plays a part in some pyrolysis,

Although butadiene is formed from many hydrocarbons under
pyrolytic conditions, recent evidences suggest that it cannot be an
important intermediate in the‘ synthesis of polynuclear aromatics at
high temperatures, For example, the the pyrolysis of a mixture of
pyrene and butadiene gave a yield of benzopyrenes only very slightly
greater than obtained from the pyrolysis of butadiene itself,

At higher temperatures, the relative energies for the ~diéne_
addition and for radical addition suggests that synthesis proceeds by
radical and not by molecular addition, Attention should be given,
amongst others, to the hypothesis that the pyrolysis of hydrocarbons can
give C3 fragments and that the synthesis of aromatic hydrocarbons pro-
ceeds from these units., I%{ was suggested, for example, that the thermal
abstraction of H from allene would give a stabilized carbene: (Badger ,
1965 )

CH=CH -CH: w———s :CH - CH = CH

and the dimerisatipn of this fragment is expected to give benzene,

Although this last example has not gained popularity, it seems
more probable that the synthesis of aromatics takes place via a free-
redical mechanism than molecular addition, This applies more to the
higher temperature regimes of pyrolysis, in which, although the mechan-
ism is not known, the abundance and diversity of gxist:‘mg_ free radicals
makes one assume that the fast build up of higher molecular weight
aromatics takes plesce via free-radicals,

Some attention should « also be paid to the possibility that

walls could act as cetalyst for aromatization reactions, It is known

that reactor walls can play a role in increasing the amount of polynuc-
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-lear aromatics (Brook, 1967), although the effect decreases with time

due to wall conditioning, probably by coverage with carbon, However the
real role of the steady state or aged surface in the production of

aromatics is unknown,

6~ TEE FORVATION CF CARBON DURING THE THERMAL REACTIONS

0F HYDROCARBCNS.

The study of the mechanisms that produce the formation of
carbonaceous deposits on the reactor walls, or the formation of gas phase
carbon particles, could be divided to consider the cases where a transition
metal is or is not involved as a catalyst, The thermodynamic principles
involved in the formation of carbon from pyrolyzing hydrocarbons (either
catalytic or non catalytic) were described by Fitzer et.al, , (1971) and
will not be discussed here,

a- The formation of carbon without the participation of

catalytic metals

When dealing with the mechanism of carbon formation that is not
promoted by the'presence of a metal, there could be a tendency to call it
"non - catalytic carbon" or "homogeneous produced carbon", Lut a second
consideration would prove that the idea associated with both names is
wrong. At temperatures and conditions of industrial pyrolysis and hydro-
genolysis of hydrocarbons, the weak catalytic activity of the carbon surface
may play an important role, Thus for example Tesner (1973) has proposed a
Langmuir . type of kinetics that allows one to explain the inhibiting effect
6f hydrogen‘on carbon deposition from methane on soot particles, This fact
is important if it is considered that in pyrolysis and hydrogasification, all
the surfaces in contact with the gas will be covered with carbon aftfer a short
period of time, and that the nature of the deposit changes with temperature

and composition in the gas phase,



(Bokros , 1969)
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From the review of Palmer et.al. (1965 ) it is possible to

consider the following qualitative chemical models of carbon formation: -

1=

The C, theory: This suggests that solid carbon results from the
polymerization of C,.

The atomic C theory : This suggests that monoatomic carbon.

may possibly be a significant species in nucleation.

The C3 theory : This supports the idea that solid carbon in
flames arises by condensation of carbon vapor, the major compon-
ent of which is believed to be 03 .
The acetylene theory (Prado , 1972) : Advanced by Berthelot in
1866, The essence of the theory is that carbon particles are
formed from scetylene by simultaneous polymerization and dehydro-
genation,

Hydrocarbon polymerization theories: These theories assume that
fuel underéo a polymerization process that ends in carbon. Some
assume that ligquid polymers or polymers of high molecular weight
are formed as intermediates, Some suspicion exsists that polycy-
clic and polynuclear aromatics could be intermediates in the path
towards carbon,

The surface decomposition theory: Tesner (1973) is the principal
advocate of a theory in which carbon is formmed through a surface
éhemicalAreaction of the original hydrocarbon on a carbon surface,
Condensation theory: This theory has been revived recently by
Lahaye et,al. (1974) in a model for the formation of carbon
blacks in a tubular reactor. According to their model, the in-
itial hydrocarbon is transformed by a gas phase reaction into

macromolecules, The partial pressure of the macromolecules in-

creases with reaction time until the supersaturation is high
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enough to induce condensation of the macromolecules into droplets.

The formation of the liquid nuclei eliminates the supersaturation and

the formation of additional ligquid nuclei becomes impossible, The macro-
molecules which continue to be formed maintain the nuclei growth, The
liquid dfoplets are further pyrolyzed into a solid material,

The results of the mathematical model seem to agree with the
experimentalAresults.

Direct evidence against the theory of droplets formation has
been presented recently, Graham et,al, (1975) ‘studied the formation of.
soot aerosols in a shock tube from benzene and other aromaties,

The system was provided with instrumentation able to measure the
concentration of aromatics, the amount of drops or particles formed (by
light scattering) and the absorption at 3.39/um produced by the formation
of solid carbon. They have found that the appearence of the aerosol is
simultaneous with the onset of absorption in the 3.39}LN\ produced by
solid cerbon, so no drops of condensate appeared before the formation
of solid carbon,

The success of the condensation theory is that it allows an exp-
lanation of most of the experimental facts in soot nucleation and the
effect of the operation variables on the particles formed, The fact that
it has been proved wrong indicates only that the basic phenomena is not
hamogeneous physical nucleation and condensation, but must be a very sim-
ilar phenomena in its mathematical formulation., In this sense, & chemic-
al nucleation mechanism, as proposed by Tesner (1973), is worth consider-
ing,

The intermediates that, through the yet unknown mechanism, fin-
ally form the carbon particles or deposit, are still the obJject of con-
troversy, Experiments with carbon forpation in flames tend to support

the idea that acetylene is the intermediate that polymerises (forming

-
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polyacethylenes) which grow until the particle is formed, (Palmer et,al.,

1965). Research in pyrolysis and thermal hydrogenation of hydrocarbons
tends to support the feeling that aromatics and polycyclic aromatics are
involved in some way in the formation of carbon, (Fitzer , et.al. ,1974;
Virks et.al. ,1974, Thompson et,al, , 1973 and Bokros , 1969) It is
impossible to rule out the possibility that several different mechanisms
could be operative in different conditions.

With respect to the deposition of carbon on surfaces, very
little has been reported that could give a quantitative description of
the phenomena and less to explain the mechanism, The treatment of
Tesner (1973) of the deposition of carbon over particles assume a sur—
face reaction of the parent hydrocarbon, which allows him to explain
the inhibition produced by hydrogen, but neglects any effect of the hom-
ogeneous pyrolytic reactions, Other models, reviewed by Bokros (1969),
correlate the conditions of deposition over particles in a fluid bed
with the physical properties of the carbons, but do not try to explain
the mechanism of deposition,

b- Netal-catalysed carbon formation

'Metals such as iron, cobelt and nickel, exhibit a marked
catalytic effect towards carbon formation and tend to aff'ect the nature
of the carbon formed, Early research on the subject was concerned
with the formation of carbon from carbon monoxide on iron, related to
the Fisher - Tropsch process, Recently, the use of metal catalysts in
reforming and steam reforming processes and the interest in avoiding
carbon deposition on the walls of reactors and heat exchanges has dir-
ected more attention to the study of carbon deposition from hydrocafbons
on metals. (Figueiredo (1975). |

Detailed reviews of the bibliography in catalytic carbon

formation have been presented recently by Lobo (1971), Derbyshire (1974),



.Figueiredo (1975), and Rostrup - Nielsen (1975) which make unnecessarj?2
a detailed review and discussion here, Only the main conclusions and a
few particular aspects will be considered here,

According to Figueiredo (1975) the literature on catalytic
carbon formation reveals several common features in different systems,
which are given below:

1- At low temperatures (350 - 550o C) rates of deposition remain
constant for considerable periods of time,

2~ The presence- of metals in carbon deposits has been reported for
deposition from hydroczrbons and CO,

3~ The presence of cerbides has been reported under similar conditions,

L~ A maximum rate of carbon formation has been observed at temperatures
in the region 550 - 600° C, and approximately zero order kinetics
have been determined for temperatures below the maximum,

5~ Hydrogen has been generally found to increase the rates of deposite
ion,

6~ The rate determining step has been associated with a solid-state
diffusion mechanism, both at low temperatures (<:350° C) where
carbides are the final solid products, and at higher temperatures,
where carbon is formed (350 - 550° C).

Lobo (1971) studied the formation of carbon from light
hydrocarbons, in the presence and absence of hydrogen over foils of Fe,Co,
Ni, Pt, Cu, Ag and Au for the range of temperatures 300 - 800° C. The study
covered both the kinetics of deposition and the structure and properties
of the deposits formed, . For nickel a complex temperature dependence was
observed for the rétes .of deposition, with a maximum at 500 = 550° C and
a minimum at 600 - 650° C, defining three regions in the Arrhenius plot.

In the low temperature region the rates of deposition were found to be in=-
dependent of the nature and partial pressure-of the‘hydrocarbons and exhi-

bited activation energies in the range of 29-34 Kcal/mole, At temperatures
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above 600 - 650° C , the carbon fomming mechanism has been attributed to .
the homogeneous pyrolysis of the hydroocarbons,while in the intermediate
region negative activation energies were observed and the rate of the pro-
cess was found to depend on the partial pressures of the hydrocarbon and
hydrogen,

Lobo et.al, (1972) proposed the following mechanism of carbon
formation on nickel foils: .

The absorption of olefins on the surface is followed by de-
hydrogenation and hydrogenolysis reactions to produce carbon atoms, which
migrate through the nickel to active growth centres,., Disruption of the
nickel takes place and crystallites are carried with the growing carbon
and catalyse further carbon production, The rate determining step at low
temperatures is considered to be the diffusion of carbon atoms through
the nickel,

Figueiredo (1975) studied carbon formation from propylene on
nickel catalysts and nickel foils, under conditions of pyrolysis and
steam reforming conditions, At low temperatures (below 500° C), the spe-
cific rate of carbon deposition was found to be the same over both foils
and supported c;talysts. Nickel crystallites were found to be carried with
the growing carbon and the kinetic results have been explained in terms of
the diffusion of carbon through nickel being rate - detemining.

Carbon deposition over substrates of nickel, cobalt and iron
foils at higher temperatures (500 -1000° C) was studied by Derbyshirg (1974).
& characteristic of the rate data obtained was the coincidence of laminar
graphite formation with a particular type of carbon uptake - time behaviour,
where the rate of growth falls to zero after a significant reaction time,
In every case, the final weight uptake correspond to the solubility of
carbon in nickel at the reaction temperature., The formation of laminar
graphite on cobalt and nickel was explained through a dissolution - repre-

cipitation mechanism,
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7- OBJECTIVES OF THE PRESENT REéEARCH

The object of this research was to try to elucidate the nature
and mechanism of some processes that take place in industrial pyrolysis
and thermal hydrogasification of hydrocarbons., The principal interest
was focused on the processes that led to the formation of carbon on the
internal surfaces of the reactors, The areas of knowledge reviewed in
this introduction reveal the insufficient understanding of some key steps
in the chain of events taking place during the thermal reaction of hydro-

carbons, Some of them are listed below:

a- Incomplete understanding of the effect of hydrogen on the
homogeneous free-radical pyrolysis of hydrocarbons,

"b- Incomplete knowledge of the mechanism of synthesis of aromatics
during the thermal reaction of other hydrocarbons,

c~ Lack of complete information on the kinetics and the effect of the
operational variables on the amount and nature of aromatics
formed,

d- Insufficient knowledge about the mechanism of carbon deposition
on non - catalytic surfaces, the chemical intermediates that produce
the deposition, how tine intermediates are formed and what is the
effect of the operational variables on the deposition,

e- Lack of information on the deposition of carbon on catalytic
surfaces under high conversion pyrolysis conditions, Insufficient
information on the effect of reactor wall nature on the homogeneous
pyrolysis, aromatic synthesis and carbon deposition over different
surfaces, Insufficient understanding of the effect of the surface
to volume ratio in the reactor oﬁer the different processes taking
place,

During the present work, attention.ﬁas paid to those

aspects where the understanding is insufficient and experiments
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were performed to elucidate some of these probiems.

The experimental system was designed to provide maximum
versatility and instrumented to obtain the chemical composition of the
reaction products over & wide range, covering compounds from methane to
3-L4 benzopyrene by gas chromatography, The kinetic study of carbon dep-
osition on surfaces suspended inside the tubular flow reactor was perfor-
med with the aid of a microbalance, which offered a continuous register
of the changes in weight of the surface,

The experimental work was performed with the system oper-
ating at atmospheric pressure, This condition is different from the
high pressure used generally in thermal hydrogasification or in ind-
ustrial thermal cracking, and the conclusions from this work should be
extrapolated to industrial conditions having this fact in mind, The basic

nature of the phenomena involved, however, is expected to remain the same,
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1=~ Introduction

During the present research,attention has been paid to the
features of homogeneous processes taking place in the gas phase, as well

as to heterogeneous processes taking place on the surfaces that are in

57

contact with the gas. Two experimental systems were used during the study.

The first in which the main interest was to follow the homogeneous gas
reactions, and the second in which the experimentation was directed at
surface processes and aromatic hydrocarbons formation: This latter was
carried over a wide range of operation conditions, Both sets of equipme

ent are described below,

2- _Experimental system based on a jet-stirred reactor,

The equipment represenfed in figure II-1 was used to obtain
kinetic information on the thermal reactions of ethane at high convers-
ions, It is based on a silica Jet-stirred reactor, & system to control
the flow of gases and temperature, and an analyzer to determine the co-
mposition of the gas streams.

Ethane,hydrogen,nitrogen and oxygen were obtained from head
pressure regulation valves at 10 psig. Ethane and hydrogen were used as
feactants, oxygen to burn .off the carbon layer deposited after 2 run and
nitrogen was used to flush the system before and af'ter the admission of
oxygen. The gas circuit was arranggd so that each stream could be sent

to a bubble flowmeter (see fig. II-1).

Once the flow was measured, the corresponding rotameter was used

to control the constancy of the stream, A mercury manometer was connected

to measure the pressure drop in the reactor jet. This pressure was always



36

23
P o°
4 >
- 7
26//
% 30
. 21|l 22 7 Uy 34 [
gl 1a | 1 |12 ; —Ot—
‘ Y 33
5 64 74 8 ' ‘ ]-,
i v 28
Oh - o L . '
FLOW MEASURE AND CONTROL|  REACTOR UNIT ANALYZER
Ar
FIGU&EMIi;IT EXPARIMLNTAL EéhI?MENT FOR ETHANE-PYROLYSIS

IN A JuT STIRRED RgACTOK

88



1,2,3,4
5,6,7,8
9,10,11,12
13,14,15,16
17,18,19,20
21

22

23

24

25

26

27

28

T

T2

29

30

31

32

33

L1

35

References of Pigure 11~}

Flow interruption toggle valves,
Precision flow regulating valves,
Rotameter type flow-meters,

Toggle valves to send any flow fo the
gas bubble flowmeter.

Gas bubble flowmeter,

Differential manometer to measure reactor pressure,
Beads~type gas mixer,

Three ways valve to send input feed to analyzer.
Jet-stirred silics reactor,

Heating furnace,

Furnace P, I.D. Controller,

Reactor temperature measuring unit,
Reactor thermocouple,

Furnace thermocouple.

Tars filter.

Two way pneumatic sample valve,

Flow regulator

Silica gel column,

Activated alumina column,
Micro ketharometer detector,

Amplifer, recorder and integration unit,
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less than 12 mmlg, .

The small jet-stirred tank reactor was designed accor-
ding to © - Bush (1969) and a diagram is' showvm in figure II-2., The volume
of the reactor was measured by weighing when filled with distilled water
and the value was found to be 6,63 cm.j. The reactor was constructed in
silica to support the high reaction temperatures of pyrolysis., &4 thin
chromel-alumel thermocouple was placed in the reactor to measure the temp-
erature of the gaseous mixture,

The reactor was placed in a flurnace whose temperature
was measured with a chromel-alumel thermocouple and controlléd toX 1° ¢
with an electronic proportional-integral-derivative electric heating
controller, The reaction temperature was measured to 21°C with a pot-
entiometer, (See figure II-1),

Once the reacted stream left the reactor it was filt-
ered through a glass-wool packing to remove the aromatic tars that were
formed as secondary products of the reaction, and was sent to the analy-
zer unit,

The unit has two gas chromatographic columns (see fig,
II-1). The external column cperates at room temperature and was a stain-
less steel tube of 2 m., x 3" filled with activated silica gel. The other
is an internal column placed in the oven of a "PYE panchromatograph"
operated at 125° C, It consisted of a stainless steel tube of 3 m. x 3",
filled with activated alumina, The sample valve was & pneumatic 10 port
type velve that was installed in the same oven as the internal column %o
operate also at 125° C and was suitable for sampling condensable sireams.
The valve was operated to deliver one sample to one column and, when the
analysis was finished, a second sample was sent to the other column for
analysis. The silica gel column was used to seperat.e nitrogen,hydrogen
and methane and the activated alumina .column for thé remaining compon-

ents, The detector was a Servomex micro katharcmeter operated at 125° C,
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15 mm.
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FIGURE II-2

IHE JET STIRRED TANK REACTOR
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whose signal was amplified , recorded and integrated to obtain the come

position of each sample. A flow of 25 ml. min™|

of argon was provided
by a PYE gas flow regulation equipment,

The analyzer was calibrated to operate with nitrogen,
hydrogen, methane (silica gel column), ethane,ethylene,acetylene,
propane,propylene and butane (alumina column)., The calibration was done
by injection of several volumes of pure gases onto the corresponding |
column and integrating the area of the resulting peaks, The information
was correlated by least squares polynomial regression to fit the equation:

Volume (ml) = 8% + a2x2 + a_x’ + ahx# + a5x5 (Tv.1)

3
where x is defined as attenuation times area of peak in integrator counts
units, The parameters obtained in the calibration are listed in Table II.1.
A computer program was written using these parameters to speed up the
calculations and to give the composition of gaseous streams in molar

fractions,

a- Experimental procedure and variables studied

The reactor was heated to operation temperature while
flushing with nitrogen. Reactant flows were measured with the bubble flow-
meter and then admitted to the reactor. The temperature was adjusted then

to give the desired temperature inside the reactor, After 6-j0 minutes (the
time in which the system was assumed to reach steady state ) a duplicate
analysis of the products was done, A measurg  of the outlet flow was

taken to check the carbon balance in the system. When the run was finished,
the carbon layer in the réactor was burned off by passing oxygen through the

reactor at 800° C.



Compound,

Nitrogen
Hydrogen
Methane
Ethane
Ethylene
Acetylene
Propane
Propylene

Butane

TABIE IT.1

Calibration parameters for different gases

%1

St

L. 798 x1 0'5

~5.913 x10™2

1,758 x1 0™°

1,999 x1072
2,203 x10~2
1,835 x107°
2,262 x10°
2.312 x10™

2,227 xi 0~

0.0

5.077 x10~6
0.0
0.0
0.0
0.0
0.0
0.0

0.0

a

-

0.0
1,257 xt0™
0,0
0.0
0.0
0.0
0.0
0.0

0.0

a

e

0.0

2.165 x1 16
0.0

0.0

0.0

0.0

0.0

0.0

0.0

a

—

0.0
~6.723 x10"
0.0
0.0
0.0
0.0
0.0
0.0

0.0
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Spectrum of variables studied with the Jet-stirred reactor

Temperature T (sec)
700° C 1,90
750° C 0. 85
800° C 0.80
830° C 0,80
700° ¢C 0.9%
750° ¢ 0.86
800° ¢ 0.82
850° ¢ 0.79
900° C 0.75
950° ¢ 0.72

-»

Feed

Ta (see) Ts (sec) Ta (sec) Ethane

3.08 5.07 12,19 1.0
2.78 7.58 11,02 1.0
2.68 7.92 14.83 1.0
2.62 7.10 10,43 1.0
2,54 6.30 8.72 0.548
2.42 6.01 8.32 0.548
2.31 5.73 7.93 0,548
2.21 5.47 7.57 0.548
2.11 5.23 7.2 0,548
2,03 5,03 6.96 0.548

Feed
_Hydrogen
0.0
0.0
0.0
0.0
0.451
0,451
0.451
0.451
0.451
0.451

¥9
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The experimental conditions were selected to cover the
range of industrial interest in temperatures and inlet residence times,
but working at atmospheric pressure, Conditions where no hydrogen was in-
cluded in the feed tended to give more carbon deposition and to form more
tars than the conditions where hydrogen was one of thé reactants,

Table II-2 presents the set of variables covered during

the study with the Jjet-stirred reactor,

3= Experimental system based on_the  tubular microbalance reactor

The equipment represented in figure II-3 was designed to
study the rates of carbon deposition over sample —~surfaces, and at the
same time to obtain the composition of major gas products and aromatics
produced during the thermal reactions of n-butane. The system was based
on a silica cylindrical tubular reactor coupled to a microbalance, Gases
were metered and the flows controlled by a gas controlling board,and then
delivered to the base of the tubular reactor. A sample surface,in the shape
of a rectangular foil,hung from one arm .of & microbalance,which sensed the
changes in weight of the sample produced by deposition of carbonaceous
material from the reacting gas. The stream of products emerging from the
reactor went either to a low temperature trap (where the aromatic tars were
condensed) or through a tar filter into two gas sample valves that allowed
the on-line chromatographic analysis of the gas stream,

During the runs, & stream of nitrogen was passed.. through
the microbalance head to avoid the possibility of contamination of the
head with aromatic tars, The efficiency of the flushing stream is improved

by a flow director, as represented in figure II-lL.,

a- The tubular microbalance reactor,

When considering a chemical reaction where processes are
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" occuring botﬁ in the gas and on the surfaces in -contact with the gas,
several aspects have to be taken inte acéount in the design of the ex-
perimental system., In the first place,the features of the homogeneous
reaction should be perfectly defined. In flow systems, the temperature
distribution and the flow pattern should be knovm, and it is desirable
that the reactor should operate as near és possible to the behaviour of
an ideal system (either a differential, a perfectly stirred or a tubular

plug flow reactor ).

The selection of a tubular flow reactor offered several
advantages, & sample foil could be éositiened inside the reactor to sim-
ulate a surface in contact with the reacting gas. The changes in weight
on the sample could be sensed continuously with the aid of a microbalance:
Being constructed in silica, the internal surfaces could be lined with
metal foils to simulate a metal reactor, and the reactor could be packed
with thin wire mesh to produce changes in the surface to volume ratio, In
a complete series of experiments, each half of the reactor could be kept
at different temperatures to simulate a "reactor" followed by a Mcondenser™

and the sample foil used to measure changes in weight inside either zone,

The wide versatility of the tubular-microbalance reactor
brought,however, some disadvantages. The presence of a hanging sample foil
and the need to put liners and packings inside the reactor did not allow the
measurement of temperature inside the reactor,and the temperature was mea-
sured at the external tube wall, The tube had to be straight and the inter-

nal diameter large enough to allow the presence of the sample foil and
liners., This geometry leads to the need to use furnaces that presented

deviations from isothermal,

In this research, versatility wag considered essential

and the tubular-microbalance reactor was adopted in spite of these dis-
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advantages, In condifions where some limitations in possibilities could
be accepted. The Jet-stirred .microbalance reactor, as used by Turner
(1976), reduce these disadvantages. considerably,

The reactor was made from a silica tube of 1.09 cm intern-
al diameter and 45 cm long. The upper part ended in a silica ball ground '
Jjoint that allowed the alignment of the sample foil inside the reactor,
The lower end was provided with a cone ground jeint that connected the
reactor with the reactants feed line,

&4 C,I, Electronics MK ZB vacuum microbelance head was
used in a pyrex glass vacuum bottle with conical glass connections. The
balance head was connected to the control unit and to a Honeywell re-
corder ( 1 mV full scale) vi& a matching unit (provided by C.I. Elect-
ronics ); damping and range extending facilities were provided in the
matching unit.

The reactor was connected to the reactor head through a
pyrex glass T adaptor, as shown in figure II-4. The adaptor had a cone
Joint to connect to the balance head and a ground ball joint to fit with
the silica reactor joint, A third arm, provided with a cone Jjoint, was
used to let the exit gases out of the system, A flow director was inst-
2lled, to protect the microbalance head from contamination with tarry
liquid products, this also improved the efficiency of nitrogen flushing,

Sample foils were cut into rectangular pieces of 0.7 x 2 cm
or 0.5 x 2 cm, & little hole was made near one edge and the foil was
hung from the microbalance arm with the aid of two pieces of hooked
silica fibre.

Metal liners were prepared by cutting a foil to a size of
5x 15 cm, This was scrolled to a dismeter of 1 cm and fitted into the
reactor with a support of silica wool, During runs of the series. III ,

‘two pieces were inserted into the reactor, giving a liner of total length



- 30 am.

The surface to volume ratio in the reactor was modified
by introducing a copper wire screen, scrolled to form a cylinder of
the same diameter as the reactor, The geometrical dimensions of the
wire mesh were : wire diameter : 0,02 cm, 15 mesh cn™1 R
surface area (calculated) : 1.88 am® per square centimeter cross
section of screen, maximum surface area when 30 cm of screen scroll
were inside the reactor : 565 cmz. The surface to volume ratio in-
side the reactor was varied from 4 ™! (empty tube) to 18.8 —

by the introduction of different lengths of the screen roll,

b=~ Furnaces and temperature control

-~

Two sets of furnace arrangements were uéed to heat the
reactor in the different series of experiments. Series I and II (see
later) were performed with a two section furnace. Each section could
be set at different temperatures and controlled independently by seper-
ate controllers to within = 4° C. MOSt-Of the experiments in series
I and IT were performed with the arrangement shown in figure II-5,
The lower section was set at LOOP C and used to preheat the reactants.,
The upper section was used as the reaction furnace, The metal sample
foil was positioned 30 mm., from the top of the upper secticn,

In the "reactor-condenser” series of experiments, the
lower section was used as the reaction furnace, and set to a constant
900° C. The upper section simulated a condenser and the temperature was
varied to study the deposition of high boiling point aromatics on a
sample foil, (See fig. II-6), .

During the third series of experiments another furnace
was also used, It was designed gnd built with the purpose of improving

the temperature distribution along the axis of the reactor. The sample

70
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foil was positioned 50 m m, i‘rom the furnace top. The arrangement of
the system and the temperature distribution inside the reactor are shown
in figures II-7 and 8,

Both temperature controllers were designed and
built in the departmental Electronics Workshop. The controllers were of

the type P.I.D. and were used in conjunction with chromel alumel therm-

ocouples,

C= The gas analyzer

The gas coming out of the reactor went through a tar
filter (glass wool) and was sampled through two PYE gas sampling valves.
One of the samples was sent to a 1.5 m.stainless steel column packed

with activated silica gel, in which hydrogen and nitrogen were seperated;
detection was carried out using a Servomex microkatharcmeter., The silica
gel column operated at 250 C.

The other sample was sent for-analysis to a G,C.D,
Pye Gas Chromatograph equiped with a dual flame ionization detector,
Methane,ethane,ethylene,  propane,propylens, butane, butadiene,cyclohexane,
cyclohexadiene and benzene were seperated in a 2.5 mts x " stainless
steel column packed with activated alumina, A temperature program vas
used to achieve the seperation: 4 min at 75° C, followed by a linear

jncrease of 16° C minm1

up to 300° ¢, {vhere the last peaks were left to
elute.

Identification of compounds was performed by injection
of the pure gases and comparing them with the unknown on a retention time
basis. & small amount of an unidentified compound eluted after 1-3 butadi-
ene. It was marked as "unknown 1". According to the retention time, The

compound could be a cyclopentene or pentadiene,

The quantitative evaluation of the concentration of
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hydrogen and nitrogen was performed on thé basis of a calibration .-of the
areas of the*peaké with known volumes of thevpure gases, With thé hydroe
carbons it was found that the calculated correction factors(Kaiser -,
1963) correspondéd = quite closely with the experimental calibration
and were adopted to calculate the composition,
The calculation of the composition, in moles pef cent, was
made with the aid of a computer program, & sample printout is given in

figure II-S,

d- Liguid collection and analysis

Liquid and solid aromatic hydrocarbons are produced during i
the thermal reaction in small quantities, To obtain information on their
composition and nature, a liquid trapping device was designed and install-
ed. (See figure II-10). Several traps were built and.a heating wire was
fitted around the outlet tubes from the reactor (able to keep the temper-
ature to 400° C) to avoid condensatdon of aromatics before reaching the
collection trap. Ice was used, in a test experiment, as a cooling
agent, but the efficiency of collection was increased by 37 % by the use

of « 1liquid. nitrogen., Liquid nitrogen seemed to be more efficient in
the precipitation of the tar aerosol end was finally adopted for the exp-
erimental work,

When the collection was completed, the trap was allowed to
reach room temperature slowly. After weighing, the content was dissolved in
10 ml of chloroform and kept in sealed vials in the dark until analys- .
is could be completed.

The mixture of aromatics, with compounds ranging from

benzene to 3-L benzopyrene and higher polycyclic arcmatics, was analyzed in
& G.C.D, Pye Gas Chromatograph with dual flame ionisation detectors, The

columns were glass coils of 2,5 m length and 2 mm internal diameter,packed
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with 3 % OV-1 on Gas Chrom Q , 80-100 mesh (Phase Seperations Ltd, ).

Injector . parts and detectors were held at 375° C. The seperation was
achieved with a temperature program as follows: 5 min at 35° C, follow-

- o
1 and holding at 350 C until all the

ed by ean increase of 16° C min
components were eluted, A typical trace is shown in figure II-11,
Benzene,toluene, ethylbenzene, ethyltoluene, naphthalene,
diphenyl, acenaphthene, fluorene, stilbene, anthracene-phenanthrene,
fluoranthene ., pyrene, chrysene, and 3-4 benzopyrene were identified
by comparing the retention times of the peaks with those corresponding
to the pure compounds, Methyl-propyl benzene (or diethyl benzene ) ,
methyl-naphthalene, acenaphthylene and methyl-anthracene were identified
by the ' use of a rétention time-boiling point correlation, Some comp-
ounds were not identified and were marked as unknown from 1-5,
' Correction factors were estimated following the theore-
tical procedure outlined by KXaiser (1963). The calculation of con-

centration was performed with the aid of a computér program, A sample

printout of a typical analysis is shown in figure II-12,
e- Materials

Most of the gases used were C.P, grade (with the ex-
ception of n -butene that was Instrumental grade ) and no further
purification was attempted., Butane, ethane and hydrogen were analyzed
by gas chromatography and the level of oxygen was found to be below the
level of detection of the micro-katharometer. Methane, ethane, acety=-
lene, propane, butane and helium were provided by Matheson Co. and
nitrogen, hydrogen, ethylene, propylene, oxygen and argon (carrier
for chromatogrephy ) by British Oxygen Co..

Metal foils, in sheets of 150 x 150 mm and 0,125 mm

thickness were provided by Goldfellow Metals Ltd. Purities were as



_/z/ ________ —

COTTON WOOL FROM REACTOR

PLUG |

-— |

EXHAUST

LIQUID NITROGEN

- LEVEL

\“.I“/

FIGURE II-10, LIQUID COLLECTION TRAP.

79



*IXHIL UHL NI SV

SNOTIIANOS °SHYL XAVEH A0 SISATYNY HHL

J0 TOVYL OTIHAVYDOIVWOHHO SV TYOTIdAL °“TT-II HHODI&

“BENZENE

34 BENZOPYRENE
CHRYSENE
—=
—_— ' ANTHRACENE
— FLUORENE |
NAPHTHALENE
DIETHYLBENZENE
ETHYLBENZENE
TOLUENE

INJECTION

08



FIGURE II-12. SAMPLE PRINTOUT OF THE PROGRAM THAT CALCULATES
AROMATICS COMPOSITION

RUN 113
TOTAL MASS CONCENTRATION OF AROMATICS = +205480MGR«/ML o
LIQUID COMPOSITION :
MASS PERCENT ‘ MASS CONCENTRATION MOLES PERCENT MOLAR COMNCENTRATION
(Lauid) : (GAS) ' (LmQuip ) ] leAS)
BENZENE 54,92 11285 68,81 o . «001444A0
TOLUENE 2.21 - T L 00u537 2.35 «00nn"92Y
ETHYLRENZENE ' 3,54 « 007283 . 3.27 .00N0600
ETHYLTOLUENE : . .07 : : «000138 «05 .00000115
METH.PROPJBENZ, ' 1.41 002898 1,03 .00n00219
MAP THALENE 18.50 038023 14,13 . +00029644
METHNAPHTHALENE .88 _ ) . «00180% .60 .00n01248
CIPHEMYL «97 ‘ «001989 . 62 00001292
ACENAPHTHYLENE 3,99 «00819) 2.56 ‘ «0000%3A2
ACENAPIHTENE 0 q 0 0
FLUORFNME . 1,13 ) .002312 ) ohH ,000013a1
STILBENE ~ .26 «000532 : 14 00000295
ANTHRACENE AND PHENAN. 3.20 +00657¢ 1.76 00003691
METH.ANTHRACENE : 77 «00158¢ «39 : ) «00000827
FLUORANTHENE 1.37 .002805 - kb .00nN13n9
PYRENE : 2,06 0048241 © 1.00 00002029
UNKNOWN 1 ' . 48 .00097S 23 «00nN0UAYL
CHRYSENE - . 1,18 S . - - «002u24 .51 00001022
UNKNOWN 2 . .43 ' ' 000885 , .18 00000387
UNKNOWM 3 - . : 57 «001179 .25 «00000517
3«4 BENZOPYRENE 1,06 . «D02184 . W41 «000008A5
UNKNOWN 4 - ) «38 . «000782 : : 15 00000310

"UNKNOWN 5 . . Te62 «001271 . 24 . . 00000504

I8
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follows: copper : 99.9 %, iron : 99.5% and nickel : 99,8 %.

fo Operation technique

The following operation sequence was established in all
runs where carbon deposition, aromatics composition and gas product spe-
ctre were to be determined, When only partial information was required,

the corresponding steps were deleted.

1= Once a week, the calibration of the microbalance and . °

nicrokatharometer was verified,

2- A%t the start of a new run, a new sample foil was hung
from the microbalance. The reactor was closed and the oven positioned,
A liquid collection tube was packed ;oosely with cotton wool and fitted
into place, to filter the tars produced - during the initial and ageing

periods,

3- Passing hydrogen through the reactor , the system was

~ heated up to the desired working temperature and reduced for one-hour,

L- The flow of the reactant gases and microbalance flush

nitrogen, were adjusted to the desired valves.

5- The gas mixture was admitted to the reactor and a record
of the weight of the sample foilV S time was started. A period of about
half an hour was spent under these conditione, to allow for the condit-

ioning of the inside of the reactor and sample surface,

6~ The gas flow was stopped and, in a rapid operation , the

cotton wool filled trap was replaced by a previously weighed empty trap.

.. -The * dewar was positioned and filled with liquid nitrogen,



83

7- Gas was again édmitted to the resctor and liquid pro-
ducts were condensed for 15 to 30 minutes,while a record of the weight

changes in the sample foil was obtained,

8- The gas flow was stopped and the condensed liquid was
allowed to reach 0° C slowly, while condensed gases evaporated from the
trap. Then the trap was removed, both ends plugged loosely with cotton

wool and left to reach eguilibrium with room conditions before weighing

- Another cotton wool trap (not cooled ) was placed at the
reactor outlet, Gas was admitted again to.the reactor and the weight re-
gister re-started. After & stebilisation period, the gas analysis was per-
formed, Hydrogen and nitrogen were analyzed first,and then the gaseous

hydrocarbons,

10- . At this point,the run was finished. Another run could be
started,repeating all the procedure from the point 4, If the runs of the
complete set covering a variable was finished, air was admitted to the

reactor, to burn the caerbon and the carcenogenic tars,

1- The tar traps were weighed after the collection with an
analytical balance., Tars were dissolved in 10 ml of chloroform and tran-
sferred to vials, These were sealed with plastic stoppers and plastic

tape and kept in the darkness for further analysis,

12- Tar composition was determined by gas chromatography, as
described previously. The rates of carbon deposition were found by

measuring the slopes of the recorded weight-time  plots. Several meas-

urements were taken,

Gas anelysis was performed to X 2% reproducibility and tar coll-

+
ection to = 3.3%%, Reproducibility in the aromatics analysis (concentration



FIGURE II-13

Example of carbon balance

(Run II-13%4)

mg, carbon minm1
Input 96,87 ml butane min'1 190. 25
Qutput : "223.57 ml gas min
L. 8% CH, 49.17
o .

2.52% C, He 5.53
27.93 % 02 Hlb 61.31

.76 % cj He 2.50
45 % c, H 1.96
Total gas 120,47

60,75 mg liquid min™}
(assumed 93.75 % carbon in - liquid ) 56,96
carbon deposited (assumed same rate in

reactor as on the foil ) 5.58
Total carbon 185.01

Difference
- T.24

Error in balance : 3.8 %



calculated in the outlet gos) was £ 9,6 % for benzene, and the reprod=-
cibility of analysis of a liquid aromaetic sample was s 1.83 % for benze-
ne. Reproducibility for carbon formation rates was found to be poor, as
previously found by Figueiredo (1975) and Lobo (1973). The value for the
series of runs (III-119 to 122) gives a reproducibility of z7.8%,

An example of the overall mass balance of the carbon
in the system is given in figure II-13, An error of 3,8 % in the balance
is not surprising, considering that the result is a combination of meas-
urements (concentrations,flows and weights) that are themselves subject

to error,
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g~ Precautions. taken in the manipulation._ - of polycyclié

aromatics
The presence of at least one very carcinogenic aromatic
compound (3-4 benzopyrene) in the tars produced during the experiments
gave the constraint of taking all possible precautions to avoid contacf

of the material with the skin and the laborstory atmosphere.

Disposable plastic gloves were used to manipulate the mat-

erials, The operations where there was a risk of contaminating the atmosp-

here were carried on in a fume cupboard. The outlet stresm fram the reactor

was discharged into the flame of a Bunsen burner and the carbon tars from

inside the reactor were burned in situ before opening the reactor to the

atmosphere,
h- Experimental operation conditions and variables
studied,

A1l the experiments were performed at atmospheric pressure
The temperature in the furnace was measured and controlled at the level

where the foil was positioned. The gas residence time in the reactor was

defined as the reaction volume divided the gas flow rate at the inlet and |

at the reaction temperature. The time thus defined was called the "inlet
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residence timé.“.

The variables studied were reaction temperature,inlet
residence time,reactant concentration,hydrogen concentration and diluent
concentration, Other effects studied were the influence of different

- metal liners,the influence of different metal and silica sample foils,
influence of changing the surface to volume . ratio in the reactor and
the influence of the time on-line,

Experiments were performed in three different series, .
marked as series I,II and III. Series I were performed with undiluted
butane, No analysis of gas products or liquid aromatics was performed,
Runs I-1 to 5 were performed at 800° C, covering residence times 2 to 5
sec and using a silica foil as a sample surface, Runs I-6 and 7 repeated
the same study with a nickel sample foil, I-8 with iron and I-3 with
copper. Run I-10 was devoted to study of the effect of temperature, be-
tween 800 gnd 900o C,at constent residence time,using a copper sample
foil,

Runs I-11 to 15 were devoted to the study of the effect
of reactor liners, at 800° C,with copper sample foils and using the resi-
dence time as a variable, Runs I-11 and 14 were performed with iron line-
rs,runs I-12 and 15 with nickel liners and run I-13 with a copper lining
foil.

The second series of ekperiments were performed with buta-~
ne and mixtures with hydrogen and helium, A gas analysis was made for
each run of this series.

Runs II-1 to 15 covered the effect of the concentration
of butane in hydrogen,at constant residence time ( 1.6 sec ), 800° C and
using nickel as sample material. Runs II-16 to 23 were devoted to study the
effect of hydrogen at constant butane concentration,using helium as dilue-

o) . .
nt, Nickel folls were used, at 800 C and 1.6 sec residence time,
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Runs TI-2L to 31 were dedicated to the effect of the concentrati-

on of butane in hydrogen, using iron sample foils at 800o C and 1.3 sec
residence time, The same experiments were repeated in runs II-32 to 37 ,
using copper sample foils,

The combined effect of temperature and the presence of hydrogen
was studied with nickel sample foils at a residence time of 1.3 sec (cal-
culated at 800o C). Runs II-38 to L6 used 20 % of butane in hydrogen as a
feed and runs II-47 to 52 used 20 % of butane in helium, The same experi-
ments were performed using copper sample foils, Runs II-53 to 58 involved
20 % butane in helium, and II-59 to 63 used 20 % of butene in hydrogen.

A study of the combined effect of temperature and residence time
was performed using copper sample foils and pure butane feed, Runs II-64 to
75 were devoted to this study.

Several runs were performed with the"reactor-condenser" scheme,
previocusly described in this chapter, Copper sample foils were uséd and a

constant temperature of 900o C was fixed in the "reactor" section, Runs II-

76 to 86 were made with pure butane feeds, while in runs II-87 to 100, a
mixture of 33 % of butane in hydrogen was reacted, In runs II-101 to 105,
nickel sample foils were used, |

During the third series of experiments,gas and liquid  tars

analysis was performed for every run, In runs III-101 to 104, the effect

of residence time at 800° C was studied,using copper semple foils and a fee-~
d of 50 % of butane in hydrogen, The effect of the concentration of hydrogen
was studied at 800° C, at 25 % of butane in the feed and using helium as a
diluent (runs IIT-105 to 108)., The effect of temperature was established
during runs ITI-109 to 118, in the presence of 50 % of either hydrogen or
helium,using copper sample foils,

The effect of reacfor liners as a function of the time on-line

vwas also studied, in runs III-119 to 122 using copper liners and copper sample
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foils, and in runs ITI-123 to 126 with iron liner and copper sample

foil, 50 % of butane in hydrogen was used as a reactor feed, at 800° c.
In runs III-127 to 130, the effect of changing the
surface to volume ratio in the reactor was established, at 800° C, with
509%cﬁ’butane in hydrogen in the feed and using copper sample foils,
Runs III-131 to 134 were performed to establish fhe influence of the
butene concentration in hydrogen on the production of aromatic tars, at

800° ¢ and using a copper sample foil.
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A- THE PRCDUCTICON OF THE MAJOR GASEQUS PRCDUCTS DURING THE

TEERMAL, REACTION OF HYDROCARBONS

1 THERMAL REACTION OF ETHANE TN A JET-STIRRED REACTOR,

Results on the thermal reactions of ethane in the presence and
absence of hydrogen were cbtained with the object of studying the
reaction under relatively high ethane conversion levels. The results
. obtained were used to build mathematical . models of the reaction
under these conditions,

Product composition as a function of the residence time, obtained
from pure ethane feeds at different temperature levels, are presented
in figures III-1 te III-4. The corresponding results when ethane-
hydrogen mixtures were fed to the reactor are shown in figures III-5
to III-10, ‘

In the lower temperature range (700-750 ° C),the main reaction
trend appears to be the simple decomposition of ethane into hydrogen
and ethylene, with little methane being formed., At higher temperature,
the formation of methane became more important, Mbthan; product;on
increased with residence time in all cases,

Ethylene production increased with residence time at the lower
temperatures, At higher temperatures, the yield went through a
maximum in residence time, the maximum being followed by a decay in
concentration at longer residence times,

To establish a comparison between results in the presence and
absence of hydrogen, yiel&s of products and conversion of ethane
were plotted as a function of temperature in figures III-11 and
I1I-12. The yield of methane was not sensibly affected by the

presence of hydrogen in the feed, but the maximum yield of ethylene
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was increased by dilution with hydrogen. Ethane conversion was found

to decrease with the addition of hydrogen.

2- _TEERMAL REACTION OF BUTANE IN A TUBULAR FLOW MICROBALANCE REACTOR

Results on product composition from the thermal reactions of
butane at high conversions were obtained from a complementary study.
The information was primarily obtained with the aim of relating

the gas products spectrum with carbon formation and to understand the
mechanism of carbon deposition from pyrolyzing hydrocarbons.(See

section C of this chapter),

a- 'The effect of butane initial concentration in mixtures with

hydrogen,

When mixtures of butene and hydrogen were reacted, changes
of product spectra occurred. The relative composition of hydrocarbons
as a function of butane initial concentration is presented in
figure III-13,

Conversion of butané was found to increase at low initial
butane concentrations. Yields of methane and ethane were found to
fall with an increase of butane concentration, propylene to
increase and ethylene went through a meaximum at ebout 20-30% of

butane in the feed.

b- The effect of hydrogen concentration in the feed

To esteblish the influence of hydrogen in the feed, a
diluent was used (helium),vnthe feed concentration of butane

and the total inlet flow rate being kept constant,
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The results from the experiments are shown in the figure III-1L4.
Butane conversion is increased by the presence of hydrogen. Methane
and ethane yields are improved by the presence of hydrogen, while

‘6lefins(ethyleneand propylene) are significantly suppressed.

¢c- The effect of reaction temperature

The products composition at different levels 6f temperature
with the addition of hydrogen or helium was studied, and results
obtained are shown in figures III-15 and III-16.
The presence of hydrogen was found to increase butane
conversion only above 700 °C, the gas having an insignificant effect
at lower temperatures. Hydrogen had the effect of increasing methane
yields at the higher temperatures, Both ethylene and propylene yields
reached a maximum with temperature, The absence of hydrogen in both

ceses enhanced the meximum possible yield and the temperatﬁre at
which the maximum occurs is higher for propylene when hydfogen is
added with the feed.

The use of small metal foils inside the reactor to measure

the rates of carbon deposition (probably having a catalytic role,
see later) raises the question of whether there is any effect of the
nature of the sample foil on the gas products spectrum. Figure III-17
gives the product distribution at different temperatures from
experiments where Ni and copper foils were used: no significant

difference was found between the two cases.

d- The effect of gas residence time

The residence time has been defined in this work as the
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. volumetric flow of reactants at the temperature of the reactor (but
before suffering expansion by chemical reaction ) divided by the volume
of the reactor, |
The effect of residence time on products composition at

different temperatures when pure butane is reacted,is shown in figﬁres
III-18 to III-20., Methane and hydrogen yields were found to increase
with residence time., Propylene and ethylene went through a maximum,
followed by a decay at longer residence times, Ethane was found to
reach a constant concentration, after the early formation stages,

Figure III-21 shows the effect of residence time when butane-
hydrogen mixtures were pyrolyzed at 800 © ¢, The behaviour is similar

to pure butane pyrolysis,

e- The effect of metal liners on the reactor wall

Experiments were performed in which metal foils were placed
inside the reactor against the wall. Samples of the outlet stream were
analyzed as a function‘ 6f‘thn¢ on-line,

The results are presented in figure III-22., There is an
appreciable difference between the gas compositions from different

metal liners during the early stages of reaction, A decreased yield of
methane and ethylene, and an increased production of hydrogen is observed
when results from iron-lined reactor are compared with copper-lined reactor
products spectfum. When time increased, the differences died off,indicating
that both reactors give the same composition of gas products in tﬁe steady

Stateo

£~ Minor compounds in the route towards aromatics

Composition trends of minor gaseous hydrocarbons that appeared
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in the reactor outlet gas stream may give indications as to the
mechanism of formation of arcmatics, Figure III-23 shows the composit-
ion spectrum of minor compounds as a function of temperature, revealing
the presence of several potentially aromatics forming intermediates,

The appearance of benzene is also shown.

g~ _The effect of the surface to volume ratio in the reactor on the

gas product composition,

Figure III-24 show the effect of modifying the surface to
volume ratio on the main products distribution. Changes of conipos;.ition
are of the order of 6 to 7 %. The production of ethylene,propylene and
ethane increased with surface to volume ratio, while a decrease is not-

iced in methane and benzene production,
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B _THE PRODUCTION OF AROMATIC COMPOUNDS DURING THE THERMAL REACTIONS

OF BUTANE,

Information on the amounts of liquid aromatics condensed in the
reactor outlet, as well es its composition, were obtained in the
tubular flow microbalance reactor., These arometic compounds (ranging
from benzene to 2-3 benzopyrene) could act as precursors for carbon
formation during pyrolysis under the conditions studied. In industrial
conditions, these can also deposit solid carbonaceous material on the

walls of cooling equipment, by physical condensation of heavy aromatics, -

a- ©Effect of the residence time,

The total mass concentration of aromatics in the outlet gas
stream for the pyrolysis of a butane:hydrogen mixture is shown as a
function of the residence time in figure III-25, The general shape of ‘
the curve is a sharp rise from a positive, non-zero value of the
residence time, increasing to a maximum and then decreasing slowly at
longer residen;e times, The duplicated values at =2 and 12 seconds
show that the reproducibility of the values is poor. This is

probably due to imperfect collection of the ters in the liquid trap.

The composition of the liquids collected at different
residence times is given in figure III-26, Changes in the relative
composition of the condensates are observed, The proportion of
benzene is approximately constant; polynuclear aromatics ihcrease, ‘
while substituted benzene compounds decreese with residence time,

A clearer picture of the reaction trend can be gained
from the actual concentration of each compound at the outlet ofthe
reactor., These concentrations can be calculated from the amount

and composition of the condensates and the results are presented in
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figure III-27, |

All aromatics start to be formed at a certain threshold of
residence time and their concentration grows with time, Substituted
benzene‘compounds(toluene,;ethylbenzene and methyl-propyl benzene) go
through a maxiﬁum with residence time and their concentrations decay
at longer times. Benzene also reaches & meximum, but it's decay is
slower with time,

Naphthalene concentration grows with time and does not
reach a maximum in the concentration range studied. The same happens
with anthracene-phenanthrene and chrysene (not shown). Acenaphthylene

concentration goes through a maximum followed by decay.

b=  Effect of hydrogen concentration,

The effect of hydrogen at 25 % molar concentration of
butane was studied using helium as a diluent,

Figure III-28 shows that the total liquid conéentration in
the reactor outlet has a maximum at intermediate concentrations of hydro-
gen. The composition of the liquids collected show that higher proportions
of benzene are favoured by increasing the concentration of hydrogen. (Fig.
III-30).

Concentrations of benzene have a maximum at 50 % of lwdrogén
in the feed, decreasing at higher concentrations of hydrogen., Higher poly-
nuclear aromatics decrease with hydrogen (fluorene, acenaphthylene and
anthracene) while naphthalene,toluene and ethylbenzene present a maximum
at intermediate concentrations of hydrogen, but this is less marked than

in the case of benzene.

c- Effect of~butane inlet concentration in mixtures with hydrogen

on the production of aromatics,
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" Figures III-31 and 32 show the effect of the initial concentration
of butane on the production of aromatic compounds during the reaction,
The effect in all cases is more complex than a linear relationship,
being more than first order with respect to the initial concentration
of reactant at low percentages of butane, and less then first order in

the higher concentrations. The production of heavier polycylic aromatics

is favoured by high butane proportions in the initial mixture,

d~ Effect of tempersture

The effect of temperature on the production of aromatics
during the thermal reactions of butane was studied with mixtures of

50 % hydrocarbon in hydrogen or helium,

The rate of total production of aromatics as a function of
temperature is presented in figure III-33. Within the range of
temperatures under study, the rate of aromatics formation wes found
to increase with temperature, The presence of hydrogen in this case
decreased the rate of fommation at temperatures below 800 °C, while
no appreciable effect is shown at higher temperatures.

The composition of the condensétes collected during the
experiments is shown in figures III-3%4 and III- 35 In both series of
runs, the proportions of benzene and toluene were found to decrease

with increases of temperature, while naphthalene showed the opposite
behaviour, increessing with temperature. Hydrogen was found to increase
the proportion of benzene in the liquid, the toluene decreasing at the
same time,

The effect of temperature and hydrogen on the concentration of
benzene and naphthalene in the outlet stream is shown in figure III-36, -

The effect of hydrogen 'is to increase the concentration of naphthalene,
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With benzene the effect is to decrease the concentrations at low

temperature and to increase them at higher temperatures, with respeot
to the results obtained with helium as a diluent, The temperature at

which the concentrations from both series of results are equal is about

820 °c.

e~ Effect of metal liners in the reactor wall during the transient

period

The study of the effect of the nature of the reactor wall on
the producticn of aromatics was performed at constant conditions and
collecting samples of condensate as & function of time on-line,

Figure III-37 shows the difference of behaviour between
copper and iron liners in the p;oduction of aramatics, Results with
copper show a fast increase of concentration, followed by slight changes,
decreasing first and increasing later, Iron results show a definite delay
in reaching the same values as copper, but yields are slighty higher
later in the reaction, After one hour run, the results are approximately
similar in both cases,

Changes in the camposition of the liquid are chown in
fipure III-38. The results from cbpper lined walls are approximately'
constant throughout the experiment. Results from iron lined wall change
as follows: at the early stages of reaction, benzene production is lower -
and. naphthalene . and@ toluene higher than the corresponding results from
the copper lined reactor. Later the benzene proportion is higher and
naphthalene lower than the constant copper results, Finally, the liquid
composition become equal to the copper case for longer times,

) Figures IIT-39 ang ITI-4O0 present the results of outlet

concentrations for several arcmetics, In all ceses, the values for iron

lined reactors are lower in the early stages of reaction and tend to be
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approximetely equal at longer times,

. f= The effect of the surface to volume ratio in the reactor on the

~production of aromatics,

Changes in surface to volume ratio had an effect on the
production of total and major arcmatics, as shown in figure TII-}1,
A decrease of the order of 20 % was noticed in the production of total
arcmatics as a result of the changes in the ratio of surface to volume
studied. The effect on the production of minor aramatics is shown in
figure III-42. The production of acenaphthylene,anthracene,pyrene and

chrysene decreased with incresses of surface to volume ratio,
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C- THE FORMATION OF CARBONACEOUS DEPOSITS DURING THE THERMAL

REACTIONS OF BUTANE

1~ EXFERIMENIS WITH PURE BUTANE

The first series of carbon formation runs was performed in the
tubular microbalsnce reactor., Pure butane was reacted in the absence of
any diluents. Analysis of the ges products or liquid condensates was not

perfomea during this part of the work,

a- Carbon deposition on a silics foil

A series of runs were performed where the carbon deposited on a
silica foil ( geometric area of 3,96 cm.2 ) was measured and recorded
with the microbalance system, The intention of the runs was to check
the rep;roducibility of the experimental system, using silica,(considered

to be an inert material for carbon deposition).-

Between run.s, the carbonaceous layer that was deposited in the
reactor and on the sample foil was removed by paséing air through the
reactor at 800 °C, Hy&rogen was passed during one hour, following the
burning,

It became evident (see fig., III-L43) that the rates of deposition
were decreasing between consecutive runs, indicating that the surface of
the silica was sensitive to the treatments (carbon deposition, oxidation
and reduction at 800 °C).

This ageing effect was considered to be detrimental to the
reproducibility of the experimental results, No further experiments were

performed with silica sample foils,
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b= Carbon deposition on different metals

]

In the following experiments, different metal foils were
hung from the microbalance and subjected to deposition from pyrolyzing
butane at 800 © C., The procedure was repeated with nickel,copper and iron
foils. A period of one hour at the reaction temperature under hydrogen
was allowed to reduce the foils before starting the reaction, Hydrogen
was also passed between experiments during the period required to re-
adjust the gas flows,

The steady state rstes of cerbon deposition are shown in
figure III-4)., The transient phenomena that happens at the early stages
of deposition, which are discussed in detail later in this chapter gave
differences in the behaviour of the metals with respect to early carbon
deposition, but no significant differences could be seen in the steady

state. The rates, fér all metals, fall approximately on a straight line,
The results of deposition on a new and an aged silica foil

are shown in the same figure., Significant differences can be appreciated in

the shape of the curves obtained with silica and metals,

c- The effect of lining the reactor wall with different metals,

A series of runs were performed to study the effect of the
nature of the reactor wall on the deposition of carbon on a sample foil,
The procedure of lining and the sizes of the metal foils
fitted in the reactor wall was described'earlier. In all cases,copper foils
were hung from the microbalance as sample collection surfaces,copper was
selected because it is known to be catalytically inert for carbon formation

and gave reproducible results in carbon deposition experiments,
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When the reactor wall was lined with copper,results were found to

change with time in a form indicated in figure III-L5, When conditions
of flow were changed? the initial rate was found to be higher than the
steady state rate,

The steady state rates of deposition were found to be the same as
in the case of the reactor without lining. |

When iron was used as a liner, the behaviour. of the rates was
similar to copper-lined results, (See figure III-46), Differences were
observed in that the steady state rates were higher than those
corresponding to the no-liner experiments,

No higher initial rates were found when nickel was used as -
liner, The steady state rate was reached after a very short period of
time., Figure III-47 shows the steady state rates of deposition for the
different metal liners. Under the conditions studied, metal liners were
found to enhance carbon deposition on a second metal surface, Iron was
the more active, followed by nickel, Copper did not enhance depositioﬁ,v
compared with the non-lined silica reéctor wall,

Some runs were performed changing the order of the sequence of
operation (i.e. starting with new foils at the highest residence time
and performing the operation decreasing residence time at each step )e
Figures III48 and III-49 show the difference between experiments
increasing and decreasing residence time with iron and nickel liners, In

both cases, the difference in operation sequence gave different results,
indicating the sensitivity of the final rate towards the previous

history of the reactor and deposition surfaces.

d- Transient rates during the early stages of deposition

During the experiments, several effects were noticed

that disappeared after a few minutes on-line, 4 detailed study was
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performed onlsome of these phenomena, because they may add information °
on the processes happening on the surfaces uhder study.

When foils of different materials were hung from the
microbalance, the steady state rates were found not to be significantly
different, However, figure III-50 shows that there are important
differences in the transient behaviour of each material, Iron shows a
short period during which the rate of carbon uptake . is ten times
higher than the steady state . Other materials did not show large
differences, but small changes in the behaviour are observed.

Figure III-5) show the transient produced in the rate of
deposition when nickel was used as liner at large residence times, No
important transient was observed with nickel liners at low residence
time (T= 2).

| After a run in which the effect of iron lining was studied,
the carbon deposited on both liner and collector foils was burned with
air, The foils were reduced with hydrogen and the carbon deposition
experiment re-started. The result is shown in figure III-52.4
significently high rate of deposition was found initially with the

treated foils,

e~ Effect of temperature on the rate of carbon deposition on

copper sample foils,

A study of the effect of temperature was performed in
series I and II experiments, During series II, on-line analysis of

the exit geses was made simultaneously.

Figure III-53 show the effect of temperature on the rate-

residence time blot. An increase of the rate is observed with increments

of temperature, at all levels of residence time. Gas product spectra



( 8 cm

RATE OF CARBON DEPOSITION

20H

10t

40} /
O

VY YN0
W O ©°°

FIGURE III.50. TRANSIENT RATES
OF CARBON DEPOSITION ON
DIFFERENT MATERIALS.

\V Vo

10

20 30 40 50 60 70

TIME ON LINE ( min )

i54



)

-1

( Pg cm-2 min

RATE OF CARBON DEPOSITION

140

120

8

¥

FIGURE III-51. EFFECT OF THE LINER
TREATMENT ON THE RATE OF DEPOSITION
OVER A COPPER SAMPLE FOIL

v N 7

8 12 16 20 24 28
TIME ON LINE ( min )



2 .
min

( pg em

RATE OF CARBON DEPOSITION

186

FIGURE III-52. EFFECT OF LINER TREATMENT
ON THE RATE OF DEPOSITION OVER A COPPER
1401 SAMPLE FOIL.
120}
100+
80}
60
40..
20}
o_&o 1 [l 1 [ [ 1 1
4] 2 4 6 8 10 12 14

TIME ON LINE ( min )



40
Cy/
o 850°C
'C
o
1=
Al 30 o
: =
o
2. O
g @
—
g
2 20F Y
o] O
- O 800C
= |
@ C> <) ,//’—”ﬂ—
< /D 0
5
=
(@]
& 10f
s
8
] o
B /,fﬂf’———o_
/ 0 0
0 Fq—+—(\”’1—””’7’ L 1 1
0 2 a 3 8 10 12 14
INLET RESIDENCE TIME ( sec )

FIGURE III-53. EFFECT OF RESIDENCE TIME AND TEMPERATURE

ON THE RATE OF DEPOSITION OVER COPPER FOILLS,

rav



corresponding to these experiments are shown in figures IIT 18,19 and
20,

| Results of carbon deposition at different temperatures at two
residence times has been presented with a "zero order" kinetics
assumption, in the form of an Arrhenius plot (see fig, III-54). The
points fall on straight lines., The apparent activation energies |

cbtained from slope measurements were 80,34 Kcal/mole(for T=2) and

53.49 Keal/mole (for T =11 secs.).

188
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2- EXPERIMENTS WITH BUTANE DILUTED WITH EYDROGEN AND HELIUM

The results detailed in this section correspond to the
study of the effect of hydrogen and a diluting inert,helium,on the carbon
deposition over different metal foils, Results are reported from two diff-
erent series of runs,series II and III. In series II, the microbalance
reactor was the same as was used previously in the first series of runs
(puie butane ), but an on-line gas chramatographic analyzer was attached
to the system to analyze hydrocarbon gases and hydrogen. In series III,

a cold trap was included in the system to collect the aromatic compounds
that were formed during the reaction., These fractions were analyzed by -
gas-chromatography,

a- The effect of hydrogen and residence time on the

deposition over copper,

When rates of carbon deposition from pyrolyzing butane-
hydrogen mixtures are compared with results obtained from reacting pure
butane,the shape of the curve of the rates as a function of residence
times is approximately the same,but the dilution with hydrogen decreases
the magnitude of the rates o carbon deposition, (Figure III-55).

The gas products composition corresponding to the pure
butane experiments are shown in figure IIT-19 and the product spectra
when hydrogen is used as a diluent in figure III-21, Information regard-
ing aromatics formation and composition are given in figures III-25,26 and

27.

b- The effect of hydrogen on the carbon deposition over

different metals,

Experiments that were detailed previously failed to
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show significant differences.in the rates of carbon deposition from
pure reacting butane on foils of different metals, The present results
were obtained from & study performed to see whether hydrogen could
change the reported behaviour significantly,

Some experiments were performed with mixtures of butane and
hydrogen, where the ratio of flows were changed to give fram 10 to 100%
of butane -in the mixture with the total flow being kept constant, In
others, the concentration of butazne was kept constent,and appropiate
flows of hydrogen and helium were provided to change the concehtration
of hydrogen, while the overall inlet flow was kept constant,

The effect of butane concentration, in mixtures with hydrogen,
on the deposition over nickel foils is shown in figure III-56, The
concentration of butane is seen to have a negative effect on the rate
of carbon formation at low concentrations, The rate of deposition
presents a minimum at sbout 30 % and a meximum at 50 % butane. Results
at 10 % lack reproducibility and range from 0.025 to 0,065 mg/cm2 min,

The gas products spectrum that correspond to this figure are given in
fig, III-13.

The form in which the steady state rate of deposition was
reached in the runs performed with two different nickel foils has been
represented in figure III-57. At low butane concentration (8% in run 3)
the deposition on a new foil starts with a low initial rate and incresses
until it reaches the steady state. At 10 % butane, the deposition starts
with a low initial reste, increases to a high maximum rate and later
decays to a steady rate. (Not shown ).

At 70 %, the deposition on a new foil starts with a fast rate

and later decays to the steady value (see 8).

When tﬁe same foil is used to obtain different values of rate

at different concentrations, the initial rate of deposition is higher at
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the begining of the run, except at higher butane concentrations (runs 7’
and 9 ).

In some cases the steady state rate of aeposition was found
to be dependent on the history of the deposition surface, The sequence
of ‘rung 8-9-10 gave a rate of 0,001126 mgr / cmz sec ( see figure III
-57 ), while the sequencé 11-12-13 (from 10 % to 20 % to 30 % of butene)
gave a value of 0,005387 mgr / an® sec at the same concentration of 30%
of butane,

The previous results show the very important influence of
dilution with hydrogen on the carbon deposition over nickel foils., It
may be in doubt whether the observed effect is due to the dilution of
the reactant or to the chemical nature of hydrogen. Figure III-58 show
the result of a series of experiments where the concentration of hydro-
gen was varied and the butane concentration was kept constant, From the
figure it is evident that hydrogen positively accelerates the deposition
of carbon and does not act only as a diluent, The gas composition
corresponding to this last situation was given in Fig. III-14,

A study of the effect of the concentration of butane in
hydrogen was performed using iron foils, The result of the study is
presented in figure III-59. The features are similar to those previously
noticed when studying carbon deposition on nickel foils, A minimum of
rate is observed at 40 % butane and a maximum at 50 %. Also in this case

the rate of deposition is very high at 10 %. Figure III-60 shows the gas
products spectrum and figure III-61, the rate-history of several iron
foils.
Another study was performed over copper foils, on the effect
of butane concentration in hydrogen. The results are presented in figure
III-62, In compérison with the results obtained with nickel and iron

foils, the shape of the curves are completely different, especially in
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the low concentration region, In this case the rate depends on a positive
kinetic reaction order with respect to butane, The curve presents a
maximum at the 50 % concentration, which is similar to the curves of
nickel and iron. Also in the low concentration region, the initial rates
are higher than in the steady stgte. The products composition correspond-
ing to this case are given in figure III-63,

The effect of hydrogen concentration when the concentration
of butane is kept constant is shown in figure III-64, There, a marked
inhibitory effect of hydrogen on the rate of carbon deposition can be
appreciated, opposite to the strong enhanciﬁg effect observed in the case
of nickel or iron. Gas products compositions‘corresponding to this case
are given in figure III-65. Aromatics production and composition are

reported in figures I1I-28,29 and 30,

c- Effect of temperature on the deposition over nickel and copper

The experiments described in this se ction were performed to
test the combined effect of hydrogen andvtemperature on the rates of
carbon deposition on metal foils, Iron was excluded from this study

because magnetic interactions between the foil and the furnace interfer-
ed with the microbalance measurements below 800 °C.

Figure I11-66 shows the results in the form of an Arrhenius
plot. Three zones can be identified from the plot, a low temperature
region where the rate rises continuously with the reaction tempersture,
an intermediate region where the rate drops with temperature increases,
and a third region, where the rate again increases with temperature,
These changes are accompanied by changes in the nature of the gas ﬁhase
products, as shown in figure III-67.

When helium 'is used as diluent, the plot changes to the

form in figure II1-68. The three zones are still present, but are less
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lmarked than in the previous cese, The gas products spectrum is given hm.‘
figure III-69,

Figure III-70 to 76 gives the results for deposition
over copper foils and the corresponding ges products spectra, Figures
ITI-31 to 34 give the aromatics production and composition corresponding
to the rete of deposition piots of figure III-7k.,

The Arrhenius plots obtained with the experiments of
deposition over copper are markedly different from those observed in
the case of nickel., No deposition is observed at the IOW'température
region, and hence the first and second zones of deposition observed
with nickel are absent in this case,

The presence'of hydrogen has the effect of decreasing
the rate of carbon deposition (see fig, III-7L4 ), while the opposite
effect has been observed with nickel foils.

Figure III-77 compares the behaviour of nickel and
copper foiis in the presence and absence of initial hydrogen when,

carbon is deposited from mixtures of 20 % butane in hydrogen,

a- Results of experiments with the reactor-condenser scheme.

The results described in this section correspond to
experiments where the temperature of carbon deposition was varied
independently from the temperature at which the pyrolysis reaction was
performed,

The study was carried on in connection with verificat-
ions of the " condensation theory", summarised in a previous chapter,

The system used was described previously and correspoﬁds
to figure II.&. The reaction zone was held at 950 ©C. and temperatures in
the "“"collection" zone varied betweeﬁ 400 and 900 °C in one series of runs

and 250 to 900 °C " in the other, Copper foils were used to collect
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carbon and runs with pure end diluted butane were performed.

Results are shown in figure III-78 in the forﬁ of an Arrhenius
plot. Two regions can be identified in both cases, with a change over
at about 700 °c. At higher deposition temperatures the process is
éharacterized by positive apparent activation energies. These positive
energies identify a chemical reaction process and not a physical
condensation (see chapter IV ), Lower temperature results exhibit
negative apparent activation energies, which may come from a condensat-
ion process.,

Foils that were subjected to deposition at low temperatures with
chloroform and the extract analyzed by gas chromatography., Large amounts
of 3-4 benzopyrene and higher polynuclear aromatics were found to be
present in the deposit, (See figure III-79 ).

Hydrogen was found to decrease the rates of carbon deposition in
both regions, The presence of hydrogen seemed to increase markedly the

activation energy in the high temperature zone,

€= Transient phenomena during carbon deposition

Hydrogen was found to influence the form in which the steady
rate of carbon deposition was established. Figure III-80 show the time
behaviour of two nickel foils treated with different concentrations of
butane in hydrogen. &t low concentrations of hydrocarbon, it takes some
time to reach the steady state, as if the surface was being activated
with time, At higher concentrations, the activation is fast, but is
followed by a period of deactivation, These patterns ofvbehaviour were
found in nickel and iron foils, (See figures III-57 and III-61),

A similar transient behaviour was observed when iron foils were

used as liners for the reactor and the rate of deposition over copper
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‘foils was studied. Figure III-8& show the difference observed during
the transient when copper and iron foils were used as liners, Iron
results gave lower rate of deposition at the early stages,higher in the
intermediate zone and equal rates to the copper results at longer times
on~line,

Gas product compositions corresponding to figure III-81
are given in figure III-22, Aromatic production and compositions are

given in figures III-35 to 38,

f= The effect of surface to volume ratio on the rate of carbon

deposition on a copper sample foil,

The change of the surface to volume ratio in the reactor
was found to affect very significantly the rate of carbon deposition on
a copper sample foil, The results are shown in figure III-82, A decrease
of the order of 70 % in the rate was observed in the range of surface to

volume studied,
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D~ REFERENCES TO THE FIGURES OF CHAPTER IIT.

III-1 Products composition from the thermal reaction of ethane in

a Jet-stirred reactor

O Ethane [] ®thylene
A Hydrogen @ Methane

Temperature : 700° C

Feéd . : Pure ethane

I1I-2 Products composition from the thermal reaction of ethane in
a Jjet-stirred reactor,
Key as in figure III-1
Temperature : 750° C
Feed : Pure ethane,
III=3 Products composition from the thermal reaction of ethane in
a8 Jjet-stirred reactor,
Key s in figure III-1
Temperature : 800° C
Feed : Pure ethane
III-4 Products composition from the thermal reaction of ethane in
a Jet=stirred reactor,
Key as in figure III-1
Temperature : 830o C
Feed : Pure ethane,
III-5 Products composition from the thermal reaction of ethane in
a Jjet-stirred reactor,
Key as in figure III-1
Temperature : 700o C

Peed : 56 % ethane in hydrogen,
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I11-6 Products compositi;n from the thermal reaction of ethane in
a Jet-stirred reactor,
Key as in figure III-]
Temperature : 7500 C
Feed : 56 % ethane in hydrogen
- III-7 Products composition from the thermal reaction of ethane in
a jet-stirred reactor,
Key as in figure III-1
Temperature : 800° ¢
Feed : 56 % ethane in hydrogen,
ITI-8 Products composition from the thermal reaction of ethane in
a Jet-stirred reactor,
Key as in figure III-1
Temperature : 850° C
Feed : 56 % ethane in hydrogen,
ITI-9 Products composition from the thermal reaction of ethane in
a Jjet-stirred reactor
Key as in figure III-1

Temperature : 9000 Cc

Feed : 56 % ethane in hydrogen.
11110 Products composition from the thermal reaction of ethane in

a jet-stirred reactor.
Key as in figure III-1
Temperature : 950P C
Feed : 56 % ethane in hydrogen.
I1I-11 The effect of temperature and the addition of hydrogen on
the yield of ethylene and methane during the thermal react-
ion of ethane,

Inlet residence time( at 800° C) : 2.5 sec. _



Jet-stirred reactor,
(O Ethylene - Feed pure ethane,
D ' Ethylene - 55% ethane in hydrogen.,
v Methane - Feed pure ethane,
O Methané - 55 % ethane in hydrogen,
I11-12, The effect of temperature and addition of hydrogen on the
thermal decomposition of ethane,
Inlet residence time(at 800° C) T: 2.5 sec.
Jet-stirred reactor,
O Ethane conversion, Feed:pure ethane,
O Ethane conversion. 55 % ethane in hydrogen.
II143. Effect of the concentration of butane in hydrogen on the
product spectra,
The concentrations in the ordinate are expressed as a

"free of hydrogen" basis,

Tubular réactor . Nickel sample foil,

T : 800°C : T: 2,14 sec

O Methane A Ethylene Butane
D Ethane @ Propylene

III-14. Effect of hydrogen concentration on the product spectrum
from butane thermal decomposition,
The concentrations in the ordinate are expressed as a "free

of hydrogen" basis,

Tubular reactor-. Nickel sample foil,
T : 800°C ; LT : 1,66 sec
Helium as a diluent, 10 % butane in the feed
mixture, |
O Methane @ Propylene
[J] =thane Butane

A Ethylene.

197
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11115 The effect of hydrogen and tempera't;ure on butane conversion,
Tubular reactor, | Nickel sample foil
Residence time (800° C) : 1.314 sec
O 20 % butene in hydrogen at the feed.
v 20 % butane in helium at the feed.
III-16., Effect of temperature and hydrogen addition on the yields
of olefins and methane from the thermal reactions of butane.
The concentrations in the ordinate are expressed as a "free
of hydrogen" basis,
Tubular reactor , Nickel sample foil,
Residence time (800° C) : 1.314 sec,
o lethane . 20 % butene in hydrogen at the feed,
[} =Ethylene . 20 % butane in hydrogen at the feed.
O Propylene. 20 % butane in hydrogen at the feed,
@ Methane . 20 % butane in helium at the feed,
§.d  Ethylene. 20 % butane in helium at the feed,
Propylene., 20 % butane in helium at the feed.
II1-17. The effect of temperature and sample foil material,
The concentrations are expressed as a "free of hydrogen®
basis,
Tubular reactor . Residence 'b:i.me(BOOo C) : 1.31L
sec,
Feed. : 20% ©butane in hydrogen,
Open symbols : Nickel foil

Closed symbols : Copper foil

O butane v Ethane
& propylene O Methane

D ethylene



III-18

I1I-19.
I1I-20

ITI-21

Gas product spectra from the thermal reaction of butane.

Tubular reactor .

Feed : pure butane,

butane

propylene
D ethylene

T : 750° C

O ethane

@ methane

Copper sample foil,

A hydrogen

Key as in figure III-18

T : 800° C

Key as in figure III-18

T : 850°¢C

169

Effect of residence time and hydrogen on the gas phase comp-

osition,

Tubular reactor ,

Copper seample foil,

Feed : 50% butane in hydrogen,

T : 800° C.

Concentrations are given as a "hydrogen-free" basis,

() |Methane

QO &Ethane

transient,

Tubular reactor

D Ethylene

@ Propylene

The effect of metal liners, Gas composition changes during

. Copper sample foil,

Feed : 50% butane in hydrogen,

Open symbols @
Closed symbols :
T : 800" C ;

(O  Methane

v Hydrogen

Copper liner
Iron liner.

Residence time

(] =tnylene

A Ethane,

6 seconds.
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I11-23, Concentration trends of minc'u: compounds that could be
intermediates in the route towards aromatics,
Tubular reactor . Copper sample foil,
Residence time (800° C) 6 sec

Feed : 50% butane in hydrogen.

benzene
butadiene
unidentified (probably alkyl cyclopentene)

propylene

O oo

cyclohexene

III-24, The effect of surface to volume ratio in the reactor on
the gas composition,
Tubular reactor . Copper sample foil,
Residence time : 6 sec
Feed : 50% butane in hydrogen,

T : 800° C. Copper screen used to change S/V,

@ Methane v Propylene
D Ethylene
O Ethane
O Benzene
III-25. The effect of residence time on the outlet concentration

of total aromatics,
Tubular reactor . Copper sample foil,
Feed : 50% of butane:in hydrogen

T . 800°C.



II1-26,

II1-27.

III-28.,

ITI-29.

Effect of residence time on the composition of the

aromatic liquid collected at the reactor outlet,

Conditions as in III-25,

O
O
@
O

Benzene @ Diethylbenzene
Toluene Acenaphthylene
Ethylbenzene v Anthracene and
Naphthalene . Phenanthrene,

Effect of residence time on the concentration of

aromatics calculated at the reactor outlet,

Conditions as in III-25,

Key as in . III -26.

Effect of hydrogen concentration on the outlet )

concentration of total aromatics,

Effect of hydrogen concentration on the composition of

the aromatic liquid collected at the reactor outlet,

Tubular reactor, Copper sample foil,

Residence time : 5 sec
T : 800° C.

Feed : 259% butane., Helium as diluent,

Conditions as in TTI- 28.

U8 OO0

261

benzene @ diethylbenzene

toluene Z acenaphthylene

Ethylbenzene v anthracene and phenanthrene
Naphthalene ¢/ fluoxrene.



III-30.

III-3.

ITI-32.

III-33.

ITI-34.

Effect of hydrogen concentretion on the composition of
aromatics calculated at the reactor outlet,
Conditions as in III- 28,

Key as in III-29,

Effect of butane concentration in hydrogen on the
production of meajor aromatics, -
Tubular reactor . Copper collection foil,
Residence time : 6seec 3 T : 800°C
Feed ¢ butane in hydrogen,
O total aromatics
O benzene

v naphthalene,

Effect of butane concentration in hydrogen on the

production of minor aromatics,

Conditions as in III-31.
O toluene : anthracene and
D ethylbenzene phenanthrene
O diethylbenzene @) pyrene
v acenaphthylene | chrysene,

A fluorene

Effect of temperature and hydrogen on the outlet
concentration of total aromatics produced,
Tubular reactor . Copper collection foil.
Residence time (800° C) : 6 sec
O 50 % butane in helium at the feed.

O 50 % butane in hydrogen at the feed,

Effect of temperature on the composition of the aromatic

2G2
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liquid collected at the reactor outlet.

Tubular reactor , Copper sample foil

Residence time (800° C) : 6 sec

O benzene diethylbenzene
O toluene D naphthalene
@ ethylbenzene
Feed : 50% butane in hydrogen,
I11I-35, As in III-34
Feed : 50¢% bubtane in helium,
III-36, Effect of temperature and hydrogen on the production of
benzene and naphthalene.
Conditions as in III-3k,

Open symbols 50 ¢ butane in hydrogen,

Closed symbols 50 % butane in helium,

O benzene D naphthalene,

I11-37. Effect of liners during the transient in the formation of

total aromatics,
':[‘ubular reactor . Copper sample foil,
Residence time : 6 sec ; T : 800° ¢
Feed : 50% butane in hydrogen.
D Cu liner O Fe liner
III-38, Effect of liners during the transient in the composition of
the liquid aromatics collected at the reactor outlet,
Conditions as in III-37.
Open symbols : Cu liner
Closed-symbols :+ Fe liner

O benzene v toluene

[} nephthalene



ITI-39

III"’-‘-O.

III"‘AA .

iI11-42.

Effect of liners during the transient on the outléf
concentration of major aromaticé. |
Conditions as .in III-37.

Open symbols : Cu liner

Closed'symbols : Fe liner

O benzene O naphthalene

Effect of liners during the transient on the outlet
concentration of minor aromatics,

Conditions as in III-37.

Open syubols : Cu liner

Closed symbols : Fe liner

<:> toluene [:] diethylbenzene

(:) ethylbenzene §:;7 anthracene and

phenanthrene,

Effect of changes in the surface to volume ratio in the

reactor on the production of total and major aromatics,

Tubular reactor . Copper sample foil,

Copper metal screen used to change surface to volume

ratio,
Residence time : 6sec ; T : 800°C
Feed : 50¢% butane in hydrogen.

<:> total aromatics ﬁ;;? naphthalene

(:) benzene

Effect of changes in the surface to volume ratio in the

reactor on the production of minor aromatics,
Conditions as in III-41,

(:) toluene Z{}S fluorene

D ethylbenzene

O diethylbenzene @ pyrene

anthracene

204
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‘;;7 acenaphthylene

ITI-45. Rates of carbon deposition on a silica foil :

chrysene

Ageing effect.
Tubular reactor , Silica foil,
T 800o C. _ Feed : pure butane.
QO rwm I-2 (] rw 1-4
‘;;7 Run I-3 <:> Run I-5
III-4h The effect of the nature of the collection foil on the rate
of carbon deposition,
Tubular reactor . T : 800 C
Feed : pure butane.
Run I-6 - Ni foil
Run I-7 - Ni foil
Run I-8 -~ PFe foil
Run I-9 = Cu foil

Run I-2 -~ Silica , not aged.

e o080

Run I-5 =~ Silica , aged.
III-45. Effect of copper liner on the rate of deposition over a
copper sample foil,
Tubular reactor . T : 800°C
Feed : pure butane,

O Run I-9 -~ No liner (silica wall)

(]) Run I-10 -~ Cu liner , initial rates
@ Run I-10 - Steady state rates
III-46. Effect of iron liner on the rate of deposition over a

copper sample foil,
Tubular reactor ; T 800° ¢
Feed :  pure butane.

C) Run I-9 - No liner



O Run I-11 - Fe liner Initial rate

Run I-11 - Fe liner Steady state rate,

III-47 Effect of different liners on the steady state rate of
carbon deposition over a copper foil, | |
Tubular reactor . ; T 800° C
Feed : pure butane,
O Run I-9 ~ No liner
@ Run I-13

A Run I-12

O Run I-{1 - ©PFe liner.

Cu liner

N1 liner

II1I-48, Effect of the sequence of operation on the rate of
carbon deposition,
Tubular reactor . Iron liner,
T : 800°C
Copper collection foil

Feed : pure butane,

266

@ Run I-14 - Performed sequentially: decreasing the

residence time,

O Run I-11 - Performed sequentially: increasing the

residence time,
I1I-49, Effect of the sequence of operation on the rate of
carbon déposition.
Tubular reactor . Nickel linexr
T : 800° G
Copper collection foil
Feed : pure butane,
@ Run I-15 -~ Performed sequentially: decreasing
residence time., -

v Run I-12 - Performed sequentially: increasing

residence time,
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I11-50. Transient rates of carbon deposition on different
materials,
Tubular reactor . T : 800° C
Residence time : 2 sec

Feed : pure butane,

) Run I-2 - Silica foil, not aged,
v Run I-7 =~ Nickel foil,
O Run I-8 ~ Iron foil,

(:) Run I-9 - Copper foil,

ITI-51. Effect of the liner treatment on the rate of deposition
over a copper sample foil,
Tubular reactor , T : 800°¢C
Residence time 5 sec

Feed : pure butane,

v Ni liner . New foils. Treated with hydrogen.

Run I-15 <first experiment.

@ Ni liner . Foil and liner after carbon
deposition. Treated with hydrogen.

Run I-15. last experiment,

III-52, Effect of liner treatment on the rate of deposition
over a copper sample foil,
Tubular reactor ., Iron liner,

0
Residence time :° 1,95 sec , T : 800 C
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: pure butane,

New liner, Pretreated with hydrogen.

After carbon deposition (Run I-14 ),

Carbon burned with air; metal reduced later with

hydrogen,

III-53. Effect of residence time and temperature on the rate of

deposition over copper foils,

Tubular reactor , Feed : pure butane,
Open symbols Runs II-6L4 to 75.

Closed symbols Runs I-9 and 10,

O &°c O 700° C
(J eo®c

III-54, Effect of temperature on the rate of carbon deposition

‘e

over copper sample foils,
Tubular reactor . Feed : pure butane
O 2 sec residence time

v 11 sec residence time,

III-55, Effect of residence time on the carbon deposition
on copper foils,
Tubular reactor . T : 800°C
O Feed : 50 % butane in hydrogen.

Series III rgns -

v Feed : pure butane .

Series I and II runs,
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I1I-56. Effect of butane concentration in hydrogen on the

rate of carbon deposition over nickel foils,

Tubular reactor 4, = T 800° ¢

Residence time : 1,66 sec

(O Runs 1I-3 ,4 ,5,6 and 7
(O Runs 1I1-8,9,10

v Runs II-11 ,12 ,13 ,14 and 15
III-57. Rate history of two nickel foils,

Series II runs., Passing hydrogen between exper-

iments,

Open symbols : initial rates,
Closed symbols : steady rates.

Conditions as in III-56.

III-58, Effect of hydrogen concentration on the rate of
deposition over nickel,
Tubular reactor , T : 800°C
Residence time : 1,66 sec

Feed : 10% butane, Helium used as diluent,

Series II runs.

II1-59. Effect of butane concentration in hydrogen on the rate

of carbon deposition over iron foils,



ITI-60

III-61,

ITI-62.

IT1-63

III-6L.,

ITI-65,

III-66.

’

Tubular reactor , T : 800°C
Residence time : 1,31 sec
Series II runs,
Product spectra corresponding to III-59,
@ Methane
O Ethane Butane
[:] Ethylene,

Rate history of several iron sample foils,

Propylene

Corresponding to figure III-59,

Open symbols : initial or intermediate rates,

Closed symbols : final or steady rates,

Effect of concentration of butane in hydrogen on the rate
of carbon deposition over copper foils,
Tubular reactor , T :  800°C
Residence time 1.31 sec
Series II runs,
Products spectra corresponding to III-62
Key as in fig, III-60,
Effect of the concentration of hydrogen on the rate of
deposition over copper foils,
Tubular reactor ; T . 800° ¢
Residence time : 5.25 sec
Feed : 25% .-butane, Helium as diluent,
Gas products spectra corresponding to III-64, |
Key as in fig, IIT-60,
Effect of temperature on the rate of carbon deposition

over a nickel foil,

210
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Tubular reactor . | Series II runs,
Residence time (800° C) : 1.31 sec
Feed : 20% butane in hydrogen,
III-67. Gas products spectra corresponding to III-66.
Key as in fig. III-60,
III-68, Effect of temperature on the rate of carbon deposition‘over
a nickel foil,
Tubular reactor , Series II runs,
Residence time (800° C) : 1.31 sec
Feed : 20% butane in helium,
III-69. Gas products spectra corresponding to III-68,
Key as in fig, III-60,
ITI-70, Effect of temperzture on the rate of carbon deposition over
| a copper foil,
Tubular reactor , Series II runs,
Resi&ence time 1,31 sec
Feed : 20% butane in hydrogen.
III-71. Gas products spectra corresponding to III-70,
Key as in fig, III-60,
IITI-72., Effect of temperature on the rate of carbon deposition over
a copper foil,
Tubular reactor . Series II runs,
Residence time : 1.31 sec
Feed : 20 % butane in hydrogen,
III-73., Gas products spectra corresponding to III-72,

Key as in fig. III-60.

III-74, Effect of hydrogen and terperature on the rate of carbon

deposition over a copper foil,



Tubular reactor .

Residence time

Series III' runs.

(800° c) : 6.13 sec
50 %

50 %

off butane in helium

of butane in hydrogen.

I1I-75. Products spectra corresponding to III=7L4.
50 % of butane in helium,
O methane
O ethane
D ethylene
<> propylene
& butane
v benzene,
III-76, Products spectra corresponding to III-7k,
50 % of butane in hydrogen,
Key as in III-75.
III-77. Comparison of temperature and hydrogen effects on the rate
of carbon deposition over copper and nickel foils,
Tubular reactor . Series II runs.
Residence time (800° C) : 1,31 sec
A Nickel foil ., 20% butane in hydrogen
D Nickel foil ., 20 % butane in helium
O Copper foil , 20 % butane in helium
O Copper foil ., 20 % butane in hydrogen.
III-78., Effect of condenser temperature on the rate of deposition

over copper foils,

Reactor- condenser scheme.

Reactor temperature :

Flow :

Series 1I runs,

900° C

-

90 ml. min™]

212



| 213
D Pure butane
A 33 % butane in hydrogen,
III-79, Chromatographic trace of the analysis of the extract of the
deposit from the metal foil used in III-78.
Conditions as in text., ( Chapter II ).
III-80., The effect of butane concentration in hydrogen during the
rate transient,
Tubular reactor , Nickel foils,
Residence time : L.,4 sec , T : 800° C
Series II runs,
(:) Feed : 19.3 % butane in hydrogen

O Feed

I11-81. Effect of liners during the transient on the rate of

8 % butane in hydrogen

carbon deposition over copper foils,
Tubular reactor . Residence time : 6 sec
Feed : 50% ©butane in hydrogen , T : 8060 C.
[:] Cu 1liner <:> Fe liner
I11-82, The effect of changes in the surface to volume ratio in the
reactor on the rate of carbon deposition over copper foils,
Tubular reactor . Copper metal screen used to change
the surface to volume ratio,
Residence time : 6 sec , T : 800°C

Feed : 50% butane in hydrogen,



CHAPTER IV
DISCUSSION
1- GENERAL

2- TIHIE FORMATION OF TIHE MAIN G&3 PRODUCTS

L~ THE FORMATION OF CARBCHNACEOUS DEPOSITS ON SURFACES

LI 2 )

a- Free-radical model at high conversions in the

presence of hydrogen : The thermal reaction of ethane,..
b- The effect of hydroged on the rate of the thermal

decomposition of hydrocarbons,

LI R

c- Semi - empirical modelling of thermal hydrogenation

reactions (hydrogasification),

d- Effect of reactor surfaces on the production of the

ma jor compounds,

THE PRODUCTION OF AROMATIC CONMFOUNDS

® 4 4 5 5 @ 0 e 0 9 e e

* 0 a0 0 0 s 0

a- Introduction

b- The synthesis of aromatics from paraffins, ...
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1~  GENERAL * ) -

The present studies have been f&cused on the pyrolysis of
hydrocarbons in the absence and presence of hydrogen., The reaction leads
to gas phase products such as light olefins, to liquid phase products
such as slkylaromatics and to carbon, Work has been directed towards ~
studies of the mechanism and kinetics of the reactions "and. towards the
effect of surfaces on the product spectrum,

i 4 simplified picture of the main reaction paths proposed here
to explain the thermal reaction of a paraffinic hydrocarbon is presented
in figure IV-i1, The initial hydrocarbon is supposed to break down into
hydrogen, low molecular weight paraffins and to olefins following a free-
redical homogeneous chain mechanism, These fragments could not react, or
could be hydrogenated to form the main stream of products that leaves the
reactor as a gas,

Some of the olefins produced in the primary breakdown could
undergo cyclisation and dehydrogenation reac%ions, together with some
reactions involving side chains, These reactions would lead to the pro-
duction of long-lived, relatively stable ércmatic molecules that would
leave the reactor to form a "condensate" or "aromatic tar", rich in
benzene, alkylbenzenes, naphthalene, pyrene and some other undercomposed
aromatics,

The more reactive and short-lived aromatics could undergo react-
ions of further condensation, until the size of the aromatic polymer is
such that a partial pressure large enough to provoke the adsorption of the
molecule on the reactor surface is established, This molecule could then
lose hydrogen in a carbonization process, establishing a carbon surface
able to adsorb new molecules of aromatic polymer,

Alternatively, in the case in which the surface to volume ratio
in the reacting syétem is very low or when the reaction conditions are

very severe, polynuclear molecules could grow by chemical condensation
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to a certain critical size while suspended in the gas phase, Here they
could act as a nuclei for further growth, by surface chemical reaction,

physical condensation and agglomeration,

In figure IV -1 , the dotted lines indicate the reaction
paths that may be set in operation by surfaces in contact with the gas.
In this chapter, the complex system of reactions has been

divided, for the convenience, as reactions that lead to major gas produs~

cts, arometics and carbon, Each type of reaction is discussed seperately

and are linked together in the last section of the chapter,

2- THE FORLATION OF THE MAIN GAS PRODUCTS

The use of free-radical models of the pyrolysis of hydrocarb-
ons to describe the reaction at low conversion has been summarised in a
previous chapter, In the cese of light paraffins, these models are well
established and essentially describe the i;itial behaviour and initial
rates of the reactions involved,

Reactions produced under conditions of industrial interest,
however,are far from being at low conversions. Secondary reactions in-
volving the products are increasingly important in industrial cracking
and thermal hydrogenation, and the chemical mechanism of the reactions
involved cannot be explained by the same free-radical mechanisms as
used at zero conversions,

The effect of hydrogen dilution on the thermal reactions
has also recieved little attention, The general effect has been explained
gualitatively, but no attempt has been made to model gquantitatively the
free-radical mechanism of the hydrogen-hydrocarbon pyrolysis,

The quantitative explanation of both pyrolysis and thermal
hydrogasification reactions, under conditions of practical interest, in-
volves an extension of the well-established lQthohversion mechanisms and

models, to include secondary reactions and those where hydrogen
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participates at relatively high concentrations, This has been carried
out using a model of the high - conversion thermal reaction of ethane

in the absence and presence of hydrogen as an example, The procedure

and conclusions are detailed below.

a- Free-radical model at high conversions in the presence of hydrogen:

The thermal reaction of ethane,

The basic low-conversion mechanism was similar to that pro-
posed by Pacey and Purnell (1972). The reactions of hydrogenation of
ethylene:

H. + CZHA. —_— 02H5'

02H5'+ HZ -——-——D- C2H6 + H-

and decomposition of propylene:
He+ 03H6 —_— C3H7.

CjHY' + Hz e Cjﬁa + H-

CHz* + H2 ——ip CH4A+'H'

were included in the scheme, together with some minor termination react
ions, Polymerization and arcmatization reactions were neglected, The
complete set of free-radical reactions used is presented in the Scheme 1
and Table IV-1 gives the values of kinetic parameters obtained from the
literature,

The model was applied to simulate the operation of the jet-
stirred reactor used in the experiments on ethane reactions, where results

were available as in Chapter III,
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THE _FREE RADICAL REACTION MODEL
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TABLE IV-2: PARAMETERS OF TIE

}ODEL,

Snow (1966)

Kunugi , et.al, (1970)
Pacey, et.al, (1972) .
Snow (1966)

Snow (1966)

Snow (1966)

Pacey, et,al, (1972)
Snow (1966)
Blackmore,et.al, (1969)
Snow (1966)

Snow (1966)
Kunugi,et.al, (1970)
Blackmore,et.al, (1969)
Blackmore,et,al, (1969)
Blackmore,et,al, (1969)
Snow (1966)
Snow (1966)
Snow (1966)
Snow (1966)
Blackmore,et.al, (1969)

Constent Literature Value Source
ko
1 6.5 x 1016
, 10 182
5 10 179
4 5.8 x 10 12
5 2.5 x 1011
6 5.3 x 50 th
7 10 9,6
8 50 x 1010
9 6.3 x 10 10
10 1.9 x 10
14 1,8 x 1012
12 107
13 10 8
14 2.6 x 101h
15 50 x 10 11
16 6.0 x 1013
17 1013
18 7.0 x 1013
19 7.0 x 1013
20 10 8
21 10 12

Blackmore,et,al., (1969)

Lfter Regression
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Activation Energy

Roi

16

4,32 x 10

1.83

1.90
8.2L
7.48
3.36
8,15
6.3

1.9

2,69

2.6
5.0
92.14

7.0
Lobk

x

10 18
17,
10 73

15

10 8

10 15

10 1

1012

10

10

11
10

10 10

10

1092
10 8
10 14

10 11

13
13

10

10

10 13

10 14

10 8

10 12

E.
i

——

86,0
85.0
86.3
7.0
10,8
40.8
19.0
S5k
4.5
9.5
1.4
8.0
7.0
39.5
25,0
0.0
0.0
0.0
0.0
0.0

0.0
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To cbtain the mathematical model of the free-radical
reactions in a jet-stirred reactor and to solve the model, the following
procedure was used;

The general equation of conservation of the i th species
in a multicomponent homogeneous system was integrated over the macroscopic
volume of reaction assuming constant temperature and pressure and peffect

mixing inside the reactor, The result of the integration is

i = 1,.------.-,N .

where x=‘/°/96 is the relative expansion due to changes in density
caused by the chemical reaction and T = Vk/?o is the residence time
calculated at conditions in the inlet of the reactor, Ri is obtained
from the reaction scheme and depends on the free-radicsl mechanism chosen,
The general form of the rate equations for a system with first and second

order reactions is

i=1,-ooooN 2=-a=2

C

Ri = aid Cj + bijk CJ Cx = 1,000eelN
k=1,00eesN
where the index sumation convention is applied,

The set of equations 2-a-1, coupled with the chemical
kinetics expressed in 2-a-2, can now be solved. The usual procedure is to
use an accelerated Newton technique, but tﬁese techniques were found to be
very time consuming, and a different approach was developed.

A closer analysis of the kinetic equations 2-2-2 showed the
advantage of considering equations for molecular species seperately from

equations for free-radicals, The assumption that molecular species do not

undergo second order reactions amongst themselves was made, but the procedure



‘described can be easily modified to remove this assumption,

form of free~radical kinetics is then

and the molecular species equation form is
These equations can be rearranged to give

Ry =(J:'i‘j "'sijkAk) Bj+hikAk+tijl By By

i
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The general

2-a-3

2-a-4

2-a-5

2-a-6

Replacing 2-a-5 and 2-a-6 in 2-a-1 and putting the result in matrix

notation, the two subsets of equations to be solved are

£ 5 - Yw .2 +2@ + s¢ @
€A - 1 A =P@® .A+D ®
T T -

2~a-7

2-a-8

Equation 2-a-8 is linear with respect to 4 . Equation 2-a-7 is

linear with respect to B, with the exception of second order terms in

B that have been grouped in Sc (B).

The method of solution of 2-a-7 and 2-a-8 is to find 4 and

B alternatively from 2-a-7 and 2-a-8 until convergence is reached, The

algorithm is as follows

1- Start with 4" = 4 end B" = £
2. Finda 3™

algorithm, starting with '1,.3_5 = BRI

as the value of convergence of the following
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3- Find AP+1 from the set of linear equations

-1
(Bn+1)

-4 o +p (8™

P

T

Al

L~ Continue steps 2 and 3 until total convergence is reached,
This algorithm was found to be very efficient and stable, the
step size being increased up to 1 second without convergence problems,
Compearisons drawn with the conventional approach using Newton methods
showed a considerable time saving, the present method needing only 26
seconds of CDC 6400 computer time for a real time interval of up to 13
seconds,

The mathematical model gives predictions of the amount of
ethane reacted and the concentration of different products as a function
of the residence time,

Corparisons are drawn between experimental results (Chapter III)
and computer prediction (broken line) in figure IV-2, 4s can be seen,
the prediction differs markedly from experimental results, a difference
attributed to the fact that the model was 5ased on kinetic parameters
obtained from the literature and used without correction: this resulted in
an extremely short chain length,

A decision was made to adjust the pre-exponential parts of the
parameters while leaving the activation energy unchanged, for two reasons,
In the first place, the activation energy of a reaction can be estimated
from thermochemical information with a certain degree of accuracy while,

generally, a less accurate prediction can be made of the pre-exponential
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factor, The second reason is that, for most cases,the kinetic constant
is more sensitive to changes in the pre - exponential factor, For

small changes in parameters:

~E S i
51( = e R J ko - ko e RT J E
, 7
defining ko = 10P

1B 1n 10 B

Oy
tal
o
1]

then

- B

- RT
Sk=123 18 T lgs - 4d e
B

SE

E
RT E

where ¢B /B and JE/E are relative changes in the parameters. The
terms between brackets are the relative sensitivities..with respect to

both parameters:

B -F/RT
B 9k = Sy = 2.3 x 10 e - B
38"
- E 9k -E/RT
3E = s_= 1P e E
RE RT

The value of the ratio ‘ SRS/SRE_ \ was calculated for
all the parameters of the model at 1100 °X and is presented in Table
IV-2, In most cases the ratio is larger than one, indicating that k is
more sensitive to relative changes of B and hence that this parameter

should be selected for an estimation procedure,
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TLBIE IV - 2
CONSTANT Sgg / Sgg
1 0.98
2 1.08
3 1.04
L 11,04
5 417
6 1.97
7 3.06
8 14.90
9 12,07
10 6.0
14 4.63
12 5.69
13 5.78
14 1.84
15 2,37

The parameter estimation procedure used was a non-linear
regression technigue, based on the Gauss ~ Siedel method for algebraic
models (Seinfeld, 1970), It was applied to obtain the "best £it®
minimising a function that involved the squares of the residuals on 16
points, taken at 4 residence times and 4 temperatures and including L
values of concentration per point, The regression procedure was applied
to points where undiluted ethane was used as reactant, and the paramete;s
obtained were used to predict the spectrum composition of experiments

where the reactant was diluted with hydrogen,
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The simulation prediction and experimental results for both
diluted and undiluted ethane are shown in figures IV-2,3 and 4 ., Good
agreement (less than 4 % difference) between model prediction and exp-
eriments was observed for most conditions.

The final set of parameters of the model are tabulated in
table IV-1, and a comparison is shown with the range of values found in
the literature in table IV-~3, The values obtained are seen to be within
the orders of magnitude of parameters previously estimated by several
authors,

This successful attempt at modelling for high conversions
indicates that the concepts used in building the free-radical sequence
of secondary reactions are essentially correct, and that more complicated
models can be built in the same form to explain the high-conversion ther-
mal reaction of higher paraffins, The procedure has jhowever, some dis-
advantages that are discussed " below,

When building a free-radical model that includes several
elimentary steps, the kinetic parameters that are assumed for each react-
ion are either estimated by thermochemical data and kinetic theories or
are adopted from values given in the literature, In any case, the para-
meters are subjected to a certain degree of uncertainty and error. When
a model is built that includes a large list of elimentary reactions, there
is a very low possibility that the predictions of such model could repre-
sent the experimental information, due to the propagation of errors intro-
duced with the parameters (as seen for the original model). This fact
would lead to modification of the parameters of the model to allow a
better fitting with experiments, and here some other problems arise, The
first of these is that there are too many parameters that could be modi-
fied, and is only too well known that, with many parameters to modify,

most models would fit the experimental results., Another problem is that
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TABLE  IV-3

COVMPARISON OF THE PARANVETERS OBTAINED WITH

LITERATURE VALUES,

Parameter Log k& (regression) Log ke, (literature)
1 16,53 16,29 Leathard , et.al,
(1970)
16,70 Pacey ,et.al,(1972)
2 18,26 18.2 Kunugi,et.al, (1970)
L 15.27 14.32 Rata jczek,et,al,(1967)
5 8.91 12,2 Kunugi,et.al,(1970)

8.50 Pacey,et.al.(1972)

6 15.87 ' 14.0 Kunugi,et.al,(1970)
14,72 Snow (1966)

7 11,52 9.6 Pacey,et.al.(1972)
12.8 Ratajczak,et.al.{1967)

8 15.91 | 14,1 Kunugi,et,al,(1970)
13.8 Ratajczak,et,al,(1967)

14 10.43 11.7 Kunugi,et.al,(1970)

16 13.96 12,88 Ratajczak,et.al.(1967)
13,78 Snow (1966)

19 14,65 ' 13.40 Rata jczak,et,.al,(1967)
13.85 Snow (1966)
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no "best fit" parameter estimation prbcedure or regression ensures
that the parameters correspond to any physical actuality and, when the
procedure is finished, the parameters obtained could predict the experi-
mental facts without necessarily being the parameters that should be
associated with each individual free-radical reaction,

Another difficulty is the complexity of the mathematics
involved in solving lerge free-radical models, Unless termination react-
ions are oversimplified, the system leads to a .set of stiff differential
equations, which would be very time consuming to solve with a computer.
This difficulty is incressed by an order of magnitude when an iterative-
non-linear parameter estimation technique is used to obtain the "™best fit".

The above considerations would rule out free-radical modell-
ing as a procedure to predict products composition and behaviour of react-
ions involving more complicated systems operating at high conversions,
such as reactions of industrial interest., Semiempirical approaches,such
as the modelling proposed by Murata ,et.al. (1975), would be much more
practical and easier to.use than the equivalent, more realistic free-
radical mechanisms.

Eowever, it is true to say that the predictions of the
model here presented are in good agreement with the experimental results,
even when the model has not been developed on the basis of the reaction
for which results are availabe. The wider applicability of the model,or
further corrections to the model, should be made for a wider range of ex-

perimental results,

b- The effect of hydrogen on the rate of the thermal decomposition

of hydrocarbons,

The experimental findings reported in Chapter III indicate
that the presence of hydrogen may produce changes both in the products

composition and in the rate of the original hydrocarbon breakdown,
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A rather surprising result (observed also by Brooks,1967).

is that the hydrogenolysis of ethane:

Coli, + H, =~ 2CH, (1)
is not affected by the concentration of hydrogen, This result is evident

from the mechanism of ethane decomposition:

CoHg ——=2 CHy- (2)
CHz+ + C_H, = CH) + CH.- (3)
or 3 2Mg - b 2Hs |
CHy + Hy —=CH + H ()

which is dominated by the first step in the sequence, The reaction is °

first order in ethane and the rate constant corresponds to reaction (2).
However the rate of breakdown of butane and of higher

hydrocarbons is known to be accelerated by the presence of hydrogen.

Such an effect has been attributed to the transfer of chains from radicals

02H5' and CHB- to H. .One suggested mechanism of the action of hydrogen

on the breakdown of butane at low conversions is presented below.

Consider the sequence of reactions:

1
- 2 C
02H5 +H2——-——— 2H6 + He

3

H-+ Chﬁ1o'——-—‘- C#H9'+ H2
C;, H - -ii——a— CH,. + CzH
L g 3 376
6
C# H9' —— 02H5'+ Coliy,
8
CH3'+ C,H ———————P-Chﬁ9'+ CHh

L0
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CZHS. CZHI{' + H *
10
2 Calig ©H 0

The use of a steady - state assumption for the concentration
™
of free~radicals allows one to obtain the following expressions for the

radical concentrations:

SJ (km) ¥ [.clgx1 0] | 2-b-1
i .
g el Bk s b,

[chﬁg] . Lo mol {kjl ctig] +x, [H] + xg [CH3-]} 2-b-3

(ks + k6)

[H] =

ks [c!_t 1:1_9.] 2-b-)
ko[ 8,] + kg [ 0]

[ox,]

The overall rate of C H 0 breakdown is then given by:

L1

r=k5 [on, o] [eg] + x, [] [o 0]+ 1, [org] [ o] 2-0-5

Substitution of 2-b-1, 2-b-2, 2-b~3. and 2-b-4 in 2-b-5 gives
an expression of the rate as a function of concentrations. Since this is
very complex, two limiting cases have been considered, one in which

[H ] > [ C,H O] and another in which [Cl:- 10] >Y [ HZ] . The analy-

tical expression of both cases is shown in figure 1IV~5, The rate of re-
action is seen to increase linearly with the concentration of hydrogen in
both cases, as has been observed experimentally (Brooks,1967).

Hydrogen also affects the product distribution through a series

of reactions involving the primary products of breakdown, such as the
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hydrogenation of olefins:

He + CH) CHs -
CHg: + H, ——— C,H. + H-
and
H- 4 CjH, ——a  CjHy.
Cgff,+ +  Hy ——— C3Hg + H.
C3H7' —— Gl + CHy.

CH5- + H — CH + H.

In addition a secondary process can enhance, in some circum-

stances, the production of propylene:

. ————— e
H- + C Hh 02H5

2
CZHS’ + C2H4 C4H9.
ChH9. 05H6 + CHB-
Cﬂj- + H2 ___»CHA. + H-

This series of reactions could explain the presence of
propylene at high temperature in the presence of hydrogen, as shown in
figure III-16,

Thus,the overall action of hydrogen on the reaction involving
the ma jor components‘is an acceleration of the rate of breakdown of
initial hydrocarbons,followed by hydrogenation and hydrogenolysis of the
olefinic fragments produced, This picture explains qualitatively the

experimental results obtained in the present work.
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¢- Semi - empirical modelling of thermal hydrogenation reactions

( hydrogasification )

Reference was made,in a previous chapter, to successful attempts
at modelling pyrolysis reactions on a semi-empirical basis (Murata,M.et,al,
1975). This model was shown to represent, approximately, the experiment-
al information for high - conversion pyrolysis of hydrocarbons and the

model together with kinetic equations and parameters are presented in
APPENDIX I,
Some modifications would be required to apply this model to the
thermal hydrogenation of hydrocarbons, If the primary reaction of decomp-
osition is accelerated by the presence of hydrogen, then the rate equation

has the form : (Thox/npson, et.al., , 1975)

rp= k (0 { 1+0b [Fz]] [PF (n)]

and the value of b can be calculated from Brooks (1967) :

Paraffin b (lt / mole)
Ethane ' 0
Isobutane 1.799
Neobutane 4.5498
n- Butane 5.398
Cyclopentane 7.198

Some secondary reactions also should be considered, such as .
hydrogenation of butadiene and the destructive hydrogenation of higher

olefins:

Cp Hyy + Hy ——= CH,  + Cp , Hy o (n>Wh)

but unfortunately the kinetics of these reactions is not known,
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If ethane is a product from the thermal hydrogenation of
ethylene, the hydrogenolysis is an important reaction.
02H6 + Hz—-—a-z CH!{-
since this is the rate determining step in hydrogasification at long
residence times. The kinetics have been given by Brooks (1967) and

can be represented by the equations:
r=k [02H6] k =10 exp (=90000 / RT )

Another slow reaction, involving very stable compounds,

is the hydrogenolysis of aromatics:
o
@ +9H, ———= 6 CH#
Assuming first order reaction, the kinetic constant can be
estimated using experimental information published by Thompson et,al.

(1975) :

r=k [06H6-] k=111 x 1010 exp (-70587‘/ m‘)

With the inclusion of these reactions, it is possible to
expect that the semi empirical model would be able to predict the
product composition under conditions of industrial thermal hydrogas-
ification, This would involve only the solution of the set of different-
ial equations that result from the multicomponent mass-balance in the
reactor. The solution of the set can be performed with any convential
method of integration (such as the Runge - Kutta method) as no
unstabilities or stiffness could be expected in the solution,

foreover, the model can be solved in an approximate form in

y;Ph? case of thermal hydrogasification., The procedure is given below,

Industrial hydrogasification is carried out under severe
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0.07
0,075

0,075

1.405

1.069

10,67
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0.73(CH), + C3Hg) +

0.27 (02H6 ¥ C2HL)
03H6 + Hy CH 4+02H4
C2Hh + Hz C2H6

Colig + H, 2CH,

GEZ
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conditions, where most of the reactions are carried to full conversion,
For the present model, it is assumed that the primary reactions reach
full completion and that each of the products is fully hydrogenated,
with the exception of ethane, which is partially converted following a
first - order kinetics,

To iilustrate the procedure, predictions were obtained
for a mixture of one mole of 04510 and nine moles of hydrogen reacting
at 753° C and 650 psig and the results of this simulation can be com-
pared with experiments of Brooks (1966). The calculation sequence is

summarised in Table IV-4, The comparison between the predicted and

the experimental resulits is shown below :

Predicted Experimental  (Brooks, 1966)
Hp 69.36 % 68 %
CH,, 19.96 % 20.6 %
CHg 10,67 % 1.4 %
CHA /021{6 1.90 1.80

The agreement between prediction and experiments is
good enough to ensure that the modelling procedure is essentially
correct,

To summarise, the thermal hydrogasification of hydro-
carbons under industrial conditions, can be predicted with the use of a
semiempirical model of the decomposition of hydrocarbons, Thé procedure
is simpiified further considering that, at long residence times, most of
the reactions reached full conversion and that the hydrogenolysis of

ethane is the limiting step,
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a- Effect of reactor surfaces on the production of

ma jor compounds

During the experimental work performed in connection with
the present research, attention was paid to the nature of the surface on
the major products distribution, The presence of catalytic metals,such as
foils and wall liners, seemed to have negligible effect on the gas products,
as shown, for example, in figure III-17. There was, however, a noticeable
effect at the beginning of the reaction,but the phenomena disappeared
rapidly.

Metals used, such as nickel and iron, would be expected to
have some‘catalytic effect on the reactions that are being carried on in the
gas phase, The lack of difference between various metals can be interpreted
as a fast deactivation of the metal active centres as a result of encapsula-
tion with carbon., Thus, the catalytic activity of the metal would be prese-
nt at the early stages of the reaction, and would decay rapidly with time
( i.e, with coverage). These changes during the transient were observed in
the experiments of figure III-22,

However, an effect of surface (rather than nature of surface)
would still be expected and, in agreement with this a more significant
effect was observed in experiments where the surface to volume ratio was
changed inside the reactor, as shown in the résults of figure III-24,

The general effect observed on the main product distribution
is as if the reaction were being inhibited slightly by the wall, whose sur-
face was increased by the introduction of a copper wire screen, Some cal-
culations were performed to check whether this effect was not due to changes
in the residence time provoked by the modification of the reaction volume,
The change in residence time coﬁld account for a change in 0.6 % of CH4 and

0,37 % of C2H4 , values that are at least one order of magnitude less than
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the observed changes,
The inhibiting action of the surface can be explained
by termination of chains on the walls of the reactors, competing success-

fully with homogeneous termination reactions:

R- + R- - R, Homogeneous
termination

R+ wall =% R, + wall Heterogeneous
termination

In systems where hydrogen is a main component in the gas, the termin-
ation of hydrogeh atoms against the wall is favoured with respect to
homogeneous termination, for reasons of energy transfer, An increase in
the surface %o volume ratio would decrease the concentration of H-in

the system and reactions such as

H- + CZHM 02H5

CZH5v+ H2 02H6 + H.

would be inhibited, The increased production of ethylene with the

surface to volume ratio noticed in figure III-24 could be attributed to
this effect,

To summarise the effect of surfaces, it could be stated
that catalytic effects were found to be short lived, probably due to en=-
capsulation of the active centers with polymers or carbon., The surface
to volume ratio in the reactor, on the other hand, was found to influence
the products distribution, and the effect was attributed to heterogeneous

termination being enhanced at high S / V ratio,

3~ THE PRODUCTION OF AROMATIC COMPOUNDS

a- Introduction

The fact that minor amounts of aromatic liquids or
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"tars" are found as products of the pyrolysis and thermal hydrogenation .
of hydrocarbons has been known for a long time, However, the nature of
the reactions involved in the"thermal synthesis™ of aromatics is still
open to question and the mechanism is not yet established. Moreover, the
present research shows that there is a sequence of reactions that produce
further condensation of the aromatic compounds to form polynuclear molece
ules of high molecular weight, This seguence of reactions are considered
to be very important in the route towards carbon formation,
This part of the discussion is devoted to consideration of

some features of the reactions that produce or involve aromatics, since
they play a very important role in the processes under study,

b= The synthesis of aromatics from paraffins,

Aromatics are not primary products in the pyrolysis of para-
ffins, During this research, for example, it was noticed that aromatics
appeared only after some time had elapsed. (See for example,figure I1I-26)

and this dis’'an indication that aromatics are produced in a sequence of
reactions involving one or several intermediates,

According to Brooks (1967) , the production of aromatics from
several hydrocarbons seems to correlate approximately with the initial
amount of olefins produced during the primary breakdown, This fact seems to
indicate olefins as intermediates in the formation of aromatics,

When considering the decomposiiion of olefins, Kunugi,et,al.
(1970,1969) found that, again, aromatics were not améng the primary products,
but appeared at relatively low conversions, This is an indication that pri=-
mary products from olefin decomposition react further to form aromatics,
The products formed from the primary decomposition of ethylene and propylene

( at conversions extrapolated to zero) are given in the following table:
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TABLE IV - 5 - calculated from

( Kunugi et.al, , 1969,1970)

JOLES PRODUCT / 100 MOLES OF
PRODUCT ETHYLENE (750° ©) PROPYLENE
METHANE 2 30
HYDROGEN 7 10
ETHANE 16 1
ETHYLENE ‘ : - 50
LCETHYLENE 2 2
PROFYLENE 10 -
1-BUTENE 7.5 12
1-3 BUTADIENE 20,0 12
CYCLOPENTENE 2 1.5
ME-CYCLOFPENTANE - 5
HEX£ADIENES 1 2,5

The main reactions involving the above compounds that

could produce aromatics are :

1- Cyclization and dehydrogenation of hexadienes (Fitzer,et.al, ,

1971)

-H, ~H,
Hzc::cn-cm:c:ﬁ-cnz-caj-»D —_— © S

The mechanism of this reaction is unknown, A free-radical series of

reactions be proposed,as follows,

CH2=CH-CH=CH-CI~12-CH_3 + H+ ———
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"
C
CHy = CH - CH = CH = CH, - C+ —»p || l y
H H-C'ﬂ c/
. c,”’ SH
I\
Hw
4 )
c
l/ D ’“ .
Cc C -H- - Hz.
———Cn l B —— —————ee .
cC rd
H \C/\H

2- Diels - Adler addition of butadiene to olefins (Fitzer,et.al,,1971)

N2 Rz
¢ B
: - 2
LY, ¢ N S R
My R Hy R

This reaction should be more important than (1) because the
amount of butadiene present in olefin decomposition is quite high, The
mechanism is usually interpreted as a molecular reaction, although a

birradical could be the intermediate in the closure of the ring (Benson,

1968)
#° ¢
R

C
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Under the conditions at which the thermal reaction
takes place, however, a free-radical mechanism is more likely té occur,
The seguence of reaétions that follows is proposed to explain the syn-
thesis through a free-radical path :

He + CZHA - H2. + CZH5°

CZH3.+ C H D — ) C.H_ »

My, 7
Chg7- — Cth + H.

'CI'I=CH-C}12—CH2-CH2-CH5 + He —p 'Ch=CH-CH2 -CH2 -Chz- {'2+h2

OO =20

and

CZH‘,’-' + Cl,.Hé ———— C6H9~

CyHge + . </ R Q___,.

The same type of reactions may involve propyiene,butenes,
pentenes or hexenes, The products of the reaction would be toluene,

ethylbenzene, ethyltoluene and propyltoluene,according to the additions:
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—2n,

C

- BENZENE

CH3

-2 H,

CO
C O

T TOLUENE

, czHs
"2. Hz '
‘\\\ ETHYLBENAENE

CaHy
-2 Ha
ETHYLTOLUERE
cHy
CaHy
-2ZRy
- PRCPYLTOLUENE
CHa

These compounds are actually present among the aromatics

formed from pyrolysis of hydrocarbons, and constitute the primary products

of the synthesis,

The following table gives the initial composition of

the aromatics produced during the pyrolysis of butane, (From figure III-26).
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TABLE IV - 6

PRIMARY PRODUCTS IN THE SYNTHESIS OF AROMATICS

FROM n - BUTANE (800° C )

COLPOUNDS MASS PERCERT II¥ TOTAL AROVATICS
BENZENE 55
TOLUENE 20
ETHYLBZIZENE 15
FPRCPYL TCLUENE 10

From the previous discussion, the path that leads to the
synthesis of aromatics from paraffins pyrolysis is reasonazbly clear, The

following scheme gives a picture of the overall process,

ETHYLENE
PLRAFPIN === HIGIZR e HEXLDIENE v HEXENES eetpe £1D
CLEFLES ATD LLKYL

DIENES BEIAE:

In the experiments performed during this research, most of the
suspected intermediates were identified in the gas phase, although some
of them in small gquantities, Figure III-23 gives a typical trend of
composition of these intermediates,

As can be seen, the trends observed are in good agreement
with the proposed reaction path, with olefins going to dienes, to cyclo-

olef'ins and to aromatics,



c- lodelling of aromatic synthesis

A simplified representation of the kinetics of aromatics

formation can be obtained from the reactions : (Murata, et.,al., 1975)

ETHYLENE e AROMAT ICS

BUTADIENE

PROPYLENE

N

BUTADIENE + OLEFINS ——w= AROMATICS

AROMATICS

BUTADIENE

Values of some parameters for the above reactions can be

obtained from a simulation model of Murata et.al., , (1975).

Information from rates of total aromatics formation can be
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celculated from data cbtained by Turner (1976). Since his experiments

were performed in a jet-stirred reactor, the format of the kinetic

equations is very convenient for verifiication purposes,

4 preliminary estimation indicate that, under the conditions

studied by Turner (1976) , the main production of aromatics originates

from the decomposition of propylene, The rate of production of aromatics

is given by

3/2
r = bg k3 [03H6]

and at a temperature of 1100° K :

1.5

moles
Cj H6 ( 1)

r=1,98 x 1'('53 X et -1 ses
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Both, the rates of production predicted by the model and
the experimental results are presented in figure IV - 6, The agreement
between both is good and indicates that the semiempirical model can be

used to predict total aromatic productions,

» G- Further reactions leading to the formation of polycyclic

aromatics,

During the present research, attention was focused on
the identification and the determination of the concentration of several
compounds that were condensed in the reactor. outlet, Figure IV - 7 gives
the molecular structure of some of the compounds that were identified ,

The reactions that lead to the production of polycyclic
aromatics during conditions of thermal decomposition of alkanes and
alkenes has recieved little attention in the literature, Most of the
compounds are present in minor or perhaps in trace amounts, but they have
been considered important during the course of the present research, as
they may act as precursors in the formation of carbon,

Thompson et.al. (1973) and Virk et.al, (1974) assume

that the formation of polycyclic aromatics takes place according to the

mechanism:

-~
@ — © |
O @@ o
O

@ HIGHER
AROMATICS -

—————




FIGURE IV-7. TYPICAL AROMATICS FROM HYDROCARBON
PYROLYSIS
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In fact, some diphenyl was found iﬁ the aromatic produc¥s,
but in minor quantities, A path as shown above depends on the formation
of diphenyl, which is kinetically very slow (Thompson et.al., 1973) and
hence is very unlikely to be important under the conditions of this study.
Another possibility is that the reaction would involve

the breakdown of the benzene ring : (Thompson et,al, , 1973)

[::] ———- Cé%- + Cf%'
+ Oz .
Chﬁ3 + —— » higher aromatics,

This path is more likely to be operative at relatively

high temperatures, since the first step involves the destabilization and
breakdown of the benzene ring, which is very stable, Calculations indicate
that the half life time for decomposition of benzene at 1000° X is of the
order of 500 seconds, which is very large compared with the residence
times used in pyrolysis and hydrogasification, As a result this mechan-
ism cannot be very important in the conditions under study,

The presence of alkyl and di - alkyl aromatics in small
amépnts indicate that they may act as intermediates in the production of

polycyclic compounds, Side chains can be produced by thermal alkylation:

02H5
Csz .+ [::::] - [::::]/ +H -

by growth of side chains :

CoHge + CHz 03H7 +H -
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In addition, alkyl - aromatics can be produced from the synthesis
reactions of butadiene and olefins, as discussed above,
Side chains may then undergo cyclisation reactions to pro-

duce higher aromatics

: CaHyg
-2H
CzHg
: TETRALIN Naphthalene
Calis
or C,Hs
e _od
phenanthrene

Lcenaphthene and acenaphthylene can be produced by a side reaction of

an alkylnapthalene :

L, S

acenaphthene acenaphthylene

Fluorene can be produced by a methyl - diphenyl :

M3

M

fluorene

Anthracenes can be formed from alkylbenzenes

cgoldoscloccl
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Fluoranthrene can be formed by a Diels - Adler synthesis :

O Y08
and pyrene from side - chain cyclisation

% B

The above mechanisms would explain the type of products

o©

that were found during the present research,

& further comment can be made with regard to the stability
of the aromatics that are synthetised during thermal reactions, The
stability of molecules larger than benzene decreases (approximately)
with the number of rings present in the molecule ; hence, they tend to
decompose faster, the bigger they‘are. The half life time of several

molecules at 1000° X are given in the following table :

(Virk et.al. , 1974)

Compound _ng% (seconds)
Benzene 499
Diphenyl 118
Naphthalene 171
Chrysene 43
Anthracene 20

Molecules of aromatics that could be produced by further_
condensation of the compounds observed would be very short - lived,

suffering themselves an accelerated series of further condensation
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reactions to form graphite - like strdctures.

This mechanism of growth and cheﬁical condensation of the
aromatic molecules into larger polycyclic structures is not only importe-
ant to explain the large variety of aromatics synthesized during the re-
action, but also helps to understand the mechanism of carbon formation
under the conditions studied. Graphite can be considered as the limit-
ing case of a polycyclic aromatic molecule of infinite number of
aromatic rings and can be formed with the same mechanism as any other
large polycyclic aromatic molecule, Further evidence to support this
model of non catalytic carbon formation is presented in the discussion
of the link between aromatics and carbon formation at the end of this
chapter,

e~ The effect of hydrogen on aromafics formation

During the experimental part of this research, it was
found thet hydrogen can play a complex role in the formation of aromatic
compounds (Chapter III)., At low concentrations, hydrogen enhances the-
production of total aromatics, while at higher proportions it tends to
reduce it,

éhe enhancing effect could be explained by the presence of
the hydrogen atom as a radical, that can help in the aromatization chain

in some of the following steps :

H + CZHI+ i H2 + 021{3 --------- —-» butadiene
A .
/C' .
H ¢# CHy M _ H;L —
' + et ——ea S
H C*c/CH}. \
H

or through dehydrogenation :

+H. —Hz @. ) @ +H.




or could incresse the total amount of benzene through dealkylation,

S

At higher hydrogen concentrations, hydrogenation reactions

R

O

would tend to decrease the production of aromatics :

+R .

+H -

02H3- + ~H2 - Cth + H-
ChﬁG + He - 0#57.
04H7° + H2 o 04H8 + H-

or yet, under severe conditions

. W
' L.H
© 0 :

Thus the

RING OPENLIG

synthesis of high molecular weight aromatics would
be decreased in the presence of hydrogen, Dealkylation reactions would
tend to cut the path of condensation through side chains. The aromatic
mixture of products would contain more proportions of benzene and less
of the other aromatics. This fact has been observed in the experiments

of figure IIT - 28,

f, Effect of surface to volume ratio in the reactor

_R37

The effect of increased surface to volume ratio in the reactor

on the production of aromatics seemed to be an overall decrease of their

concentration in the reactor outlet (Fig. III - 41). This effect cannot
be attributed to the change in residence time, Preliminary estimations

indicate that this would account only for 2 % of the 20 % of total



change observed, The main possibility appears to be a2 reaction on the,

surface to produce carbon :

AROMATICS + Surface ~————»-CARBON + n H

This scheme would be favoured particularly by aromatic
compounds of high molecular weight, able to adsorb easily on the car-
bon surface, &Alkyl benzenes may also undergo dealkylation reactions

such as :

Reactions such as the above would be sensitive to the
surface to volume ratio through the effect on the concentration of He¢
This will be decreased by surface terminations, as was discussed pre=-
viously, and the above reaction would be driven to the left hand side,
This consideration could explain why some alkyl - aromatics were increa-
sed by the surface to volume ratio, at the expense of the yield of benz-
ene and other arocmatics.

Thus, the increase of surface to volume ratio produces a
decrease in the total aromatics produced and increases the production of
some alkyl substituted benzenes, The first effect is attributed to the
"trapping" of heavy aromatic molecules and the second to the heterogeneous
recombination of hydrogen atoms, which suppress some of the dealkylation

reactions .

L~ THE FORMATION OF CARBONACEQUS DEPCSITS_ ON SURFACES

General
In addition to the gaseous and tar-like products discussed
above, the pyrolysis of butane also results in the formation of signif-

icant quentities of coke, a mixture of carbon and high molecular weight
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‘carbon-like polymers. As expected, the ﬁresent studies have confirmed
that coke formation is influenced by both gas phase reactiona and by the
nature and amount of available surface, and have shown that coke-formation
phenomena on different surfaces may interact,

It is convenient to consider coke formation on surfaces that
do and do not influence the process catalytically although, for example,
interactions such as the effect on catalytic surfaces on the formation of
coke on non - catalytic surfaces are known to be significant, In addition,
it is necessary to define carefully the word catalytic, Surfaces have
been found to affect the product spectra to differing extents, 4t low
surface to volume ratios on some surfaces (e.g. carbon, copper) the effect
appears to be independent of the nature of the surface, and these are defi-
ned as non - catalytic surfaces ., This does not necessarily - mean that the
surface is not influencing the reaction, but that - as opposed to catalytic
surfaces - that the nature of the surface does not appear to influence the

product spectra,

L-4 THE FORNMATION OF CARBON DEPOSTITS WITHOUT THE INTERVENT ION

OF CATALYTIC SURFACES.

a -~ General discussion of the experimental

Experimental results show that silica and copper can generally
be considered as non - catalytic surfaces, However, silica foils were
found to show an "ageing" effect, that affected the reproducibility of
results in consecutive runs. This effect could be attributed to condition-
ing of the silica surface by the consecutive treatments of deposition of
carbon and oxidation at 800° C . After several treatments, the results
began to be reproducible, but were in any case different from those ob~
tained in the depositioé over any of the metals studied. Due to the lack

of reproducibility of the deposition over silica, most of the experiments



‘discussed in this section were performed with the use of é0pper sample
foils,

When considering the effect of residence time on the rate of
carbon deposition ( figures III-39,48 and 50 ), a certain threshold
residence time was found to be required before carbon was formed at an
appreciable rate, From that point the rate increase with residence
time, first in a linear form and then with decaying slope . |

The shape of the curve indicates the important fact that
carbon is not being formed directly from the initial hydrocarbon, but
requires the formation of an intermediate in the gas phase which is re-
sponsible for the deposition, If appreciable amounts of carbon were
formed from the initial reactant, the rate of carbon formation should be
greater than zero when extrapolating the plot to T — o0 s Which
does not happen in the present case,

The existence of an induction period in residence time
indicates also that carbon is not formed from the primary products of the
decomposition of butane, If it was, then no threshold would be required
and the rate of deposition would start to increase from T equals to
zero, since a primary intermediate would be produced immediately in the
reaction,

The observed behaviour suggests that a series of intermediates

are being formed consecutively before carbon starts to be deposited :

INITIAL ~——s=  INTERMEDIATE -—>1§—7II'ITERI-:IEDIATE ———————= CARBON
HYDROCARBON 1 n SURFACE
: : REACTIONS

This is an important observation, since it requires a complete
series of chemical reactions to occur in the homogeneous phase as an im-

portant step in the production of surface carbon,
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The above series pf reactions is not the only explanationA
of the behaviour of the system, An "induction" residence time could
also be caused by a reaction of order higher than one of the primary
products (intermediate 1 ) to give surface carbon, Some other type
qf evidence, however, such as the polycyclic aromatics chain towards
carbon (see later) , tends to support the suggestion of several inter-
medistes taking part in the reaction, In any case, there is little
doubt that, from the above discussion, carbon formation is a phenomena
that results from the interaction of a homogeneous process (production
of intermediates ) and a heterogeneous surface chemical reaction.

Temperature was found to increase the rate of carbon dep-
osition in all conditions (figure III-54) and also affected the value of
residence time at which the deposition of carbon started (figure III-53).
Both effects can be explained by an acceleration of the rates of produc-
tion of intermediates, through an Arrhenius type of effect of temperature
on one or more of the set of reactions, The reaction on the surface would
also be affected by temperature,

The dependence of the rate on temperature can be expressed
in a pseudo - zero order Arrhenius plot. Experimental points were found
to follow, in most cases, a straight line or a line where the slope de-
cayed slowly at lower values of 1 / T. No specific significance was
assigned to the slopes of the graphs, due to the complexity of the overall
phencmena (see later), This system is very different from the phenomena
studied by Lobo et,al, (1972), in which the activation energy calculated
from the Arrhenius plot had a precise physical éignification.

Dilution with hydrogen had a strong inhibiting effect on
the rate of carbon deposition. (figure III-64). The effect was also

noticed by Tesner (1973), during the pyrolysis of methane, This effect

’
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can be attributed to two sources : on one side, the chain of reactions
that lead to the formation of intermediates involve dehydrogenation

steps, in the form :

HYDROCARBON Z————*  OLEFINS + H2

OLEFINS — AROMATICS + H2

AROMATICS et ARON, POLTMER + H2

where, in each reaction, hydrogen can inhibit the path towards carben,

Secondly, the reaction

SURFACE
AROM. POLYMER ~————————®= CARBON + H,
can also be affected by the presence of hydrogen,

The concentration of butane in mixtures with hydrogen in the
reactor feed was found to affect the rate of carbon formation (figure
III-62), The dependence of rate on initial concentrations seemed to
be of reactior; ordér less than one, This would indicate either a
complex gas phase mechanism with inhibition or an adsorpwsion process

on the reaction surface,

c- 2. b 4 model of non - catalytic carbon deposition

To build an accurate model of the whole phenomena of carbon
deposition or formation on surfaces would require a detailed knowledge
of the processes in the gas phase that lead to the production of carbon
forming intermediates and the surface reactions that transform these |
intermediates to carbon, The state of knowledge of these processes is,
however, very limited, and Snly very simplified models, incorporating

the most essential features, can be proposed.
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From the discussion of" the general features of the previous
section, it has to be concluded that a Serie; of reactions leading to
carbon forming intermediates are necessary to explain the behaviour of
the system, With regards to the nature of these intermediates, under
the conditions of the present study,they are probably heavy aromatic
molecules or aromatic polymers (Fitzer , 1971). The reasons for this

proposal are as follows :

1= . A complete series of stable polycyclic aromatics are present
as products of the reaction, (Chapter II), These could well
be by-products of a series of reactions involving short-lived
aromatic intermediate that would lead eventually to heavy
aromatic structures and to carbon,

2- The tendency towards carbon formation, and the rate at which
carbon is formed, increases with the number of rings in the
aromatic structure and with the molecular weight of the com-
pound, (Virk ,et.al. , 1974).

3- Aromstization and chemical condensation of aromatic molecules
are necessary steps in the chain towards graphite, (Fitzer et.al,
1974). High molecular weight polycyclic aromatics are similar

to graphite in chemical structure.

Further evidence in support of the polycyclic aromatics
route to carbon formation will be presented later in this chapter,

Once the intermediate molecules have been formed, they
have to deposit on the surface and decompose further to carbon, There are
two ways in which this process can take place., In the first, the concen=-
tration of molecules in the gas phase can increase with residence time
until the saturation point, when heterogeneous physical condensation

occurs, Molecules - are then deposited on the surfaces and carbonization
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continues through liquid pyrolysi§s towards graphitic structures,
This process is the heterogeneous equivalent to the "condensation
theory", recently revived by Lahaye et.al, (1974).

There are scmé reasons to believe that this process is
not operative in the reaction conditions of interest in the present
study. One of these is that if such a process was important, then an
apparent negative activation energy should be observed under conditions
of constant concentration of intermediates : this other is that physical
condensation should show a certain dependence on diffusional transfer
that is not exhibited, at least by the process of growth of coke part-
icles in a fluidized bed during thermal hydrogasification. Both tests
will be analyzed in detail in following sections,

The other mechanism that could transfer the intermediate
molecules to the surface is adsorption. The process does not require
the partial pressure of the intermediates to reach the saturation point
but envisages molecules adsorbed on the surface, where they could react
by dehydrogenation to produce a2 layer of carbon, This layer, in turn,
would adsorb more intermediestes and carbon would continue to grow,

This representation of the phenomena seems to be fairly
good way of explaining the mechaniSm of carbon formation over non - cat-
alytic surfaces, In essence, the proposed model postulates a mechanism
that is a homogeneous reaction, followed by a heterogeneous reaction on
the reactor surface, that would be, in most cases, carbon,

¢c- Simplified quantitative model. The effect of operation varisbles

The qualitative model described in the previous section can
now be put in a mathematical form, The mathematical description given
below is the simplest possible explanation of the phenomena that incorp-
orates the mosf essential features, A large number of more complex, and

perhaps more realistic models could be constructed incorporating more

detailed information on each of the reaction steps.
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This model was develéped under the assumption of low
surface to volume ratio in the system, The effect of S / V ratio is dis-
cussed later,

1~ The production of intermediates (polycyclic aromatics) was approx-
imated with a first order kinetics reactions. This assumption was
alsc used previously by Lahaye et, al. (1974) and is equivalent
to assume that the curves in figures III-31 and 32 are approximated
by straight lines, The hypothesis also aésume that the effect of
hydrogen on polycyclic aromatics is small, (The effect of hydrogen
on the overall carbon formation was attributed to inhibition of the
surface reaction, 1In fact, this simplification was suggested by

figures III-30 and III-GA);

G4S PHASE REACTION

A Py - I (intermediates)

The first order kinetiecs reaction , integrated over

the volume of the tubular reactor is :

(1]= o [PFOJ {1 - e T } | c-1

‘This simplified model of the gas phase production of
intermediates assumes that the residence time required to start
producing intermediates is very small,

2~ Surface reactions were expressed in two steps :

a- Adsorption and dehydrogenation

kig
30 s+ H

I + S

b- Carbon formetion and regeneration of the carbon surface

. kog .
IS —————= C:RBON (New site S)



The solution Gf the model would give an expressioh for the .
rate of carbon deposition per unit area of surface in contact with
the gas phase at a certain residence time . ,
The hypothesis of steady - state applied to the active
species IS on the surface, and assuming that the number of vacant
plus occupied surface centers remain constant, leads to the following

rate of carbon formstion per unit area :

Wep = kzi k1 = [.I-] c-2
1 +ds [I] &+ _Xis E
( Kos k2s (5] )

Equation c¢-2 has to be used together with c-1 for a
complete description of the phencmena, The effect of the diffeerent

variables on the deposition of carbon is discussed below ,

I- The effect of hydropen concentration in the feed

When the initial concentration of reactant, residence time
and temperature are kept constant, equation c-1 predicts that the con-
centration of intermediates will be constant, Under this condition

equation c¢-2 can be reduced to the form :
1
— = A+ A H ] c-

Vice 1 2 { 2 J
which predicts that the inverse of the deposition rate would change
linearly with the concentration of hydrogen, Data from figure III-60
has been plotted in figure IV-8, and the shape of the plot indicates

that this prediction is correct,

II- The eff'ect of the residence time,

When considering relatively short residence times,equation
c-1 can be expanded in a Taylor series and, taking only up to the first

power of the series, the équation is simplified to :

[1] =~ « [Pg] k, T o=l
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Substituting c-4 in c-2, and considering the changes of hydrogen
concentration with residence time to be negligible and at constant init-
ial reactants concentfation and temperature, it is possible to obtain the

following expression on rearrangement :

',Z;: = Ay + Ah T c-5
cf

Information from figure III-L48 was plotted as T/ W.p as
a function of T . The plots are shown in figure IV-9. lost of the data
fall in the form predicted by equation c¢-5, &t 800° C and at low res-
idence times, however, the points do not fall on the same line, This
effect can be attributed to the presence of a significant value of resid-
ence time required to start forming the intermediates I, Under these con-
ditions, the model is oversimplified and fails to represent the experiment-

al behaviour,

IIT-- Effect of reactant concentration

When mixtures of different proportions of the initial
hydrocarbons and hydrogen are reacted at constant residence time and temp-
erature, from equations c¢c-1 aad c¢-2 the following equation can be de-
duced : this the rate of deposition with the initial concentration of react-
ant:

[=]

Vicr

V o
= a5 + Aé [ PF ] . 0—6
To deduce c-6 it is necessary to put the concentration of hydrogen as a
function of the concentration of initial reactant, Data from figure III-58

has been plotted in the form of X°BUTANE / Wgrp as a function of X°BUTANE,

to show that the prediction of equation c-6 is correct. (See fig, IV-10)
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IV - Effect of temperature

When substituting equation c-4 in c-2, the expression of the

rate is :

Wop = k2s. k15 Rt < [PFO] T c-7
G T
[1 +kig k4 o [Pr ]T + k’ls‘ [_Hgl
kog kog

Considering that each constant would follow an Arrhenius - type
of temperature dependence, equation 6;7 would predict a complicated
relationship of rate with temperature. In some limiting cases, it may
be possible that plots of log Wyp "as & function of ( 1/ T ) might give
a straight line, but generally it would be expected that the slope of
the plot would chenge with ( 1 / T ). This prediction has been con-
firmed in many cases during the experimental work, and can be observed
in the plots presented in the experimental section,

& further test can be made on the basis of the simple model
presented, Data was obtained experimentally for the rate of carbon
deposition as a function of temperature in two series of runs performed
under the same concentration of reactant in the feed and the same resi-
dence time, but differing in that hydrogen was used as diluent in one
case and an inert in the other, This data was presented in figures
III - 66 and III-68,

When the constants in equétion c~-7 are expressed in the Arrhenius
form, and the inverses of the rates of deposition with and without hydro-

gen are combined in one equation, the following result is obtained :

A o (2E23+E1S+E1—E1s)/RT
k1s 63
(o]
L - —— [2,°]
Vicr (H2) VicF (INERT) k28 .1s 1 A E? [5) ]—t
F

. . (c-8)
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Equation c-8 predicts that the logarithm of the difference of the
inverse of rates should give a straight line as a function of (1/T).
4s shown in figure IV-ll , the points do fall in a straight

line, and from the slope it was estimated that

2 E25 + E1s + E1 - E1s = 22,58 Keal / mole

This concludes the study of the simplified model of’carbon
formation through a non - catalytic mechanism, ZPredictions of the eff-
ect of the different variables of the syStem on the rate have been
found correct in most cases. This indicates that the model incorpor- ‘
ates most of the essential features of the phenomena and represents a

good first approximation to the mechanism,

d~ The effect of surface to volume ratio on carbon deposition

| The simplified model described in the previous section was
based in the assumption that the surface to volume ratio was small and
hence that the surface had little influence on the final rate of de-
position of carbon on the reactor surface. 4n increase in the internal
surface of the reactor would offer a larger surface where the intermed- - .
iates of carbon formation could adsorb and react, and hence the inter-
mediates would be depleted from the gas phase and the rate of deposition
per unit area would decrease,

To find the mathematical relationship between:the rate of
carbon formation and the surface to volume ratio, the principle of mass
conservation is applied to a differential element of volume in a cylin-
drical flow reactor, which may contain surfaces other than the walls.
‘The resultant differential equation is as follows :

a1 = -’L'(g) Viep - + T Rv d-1
v .

where: I : concentration of intermediates



5 : dimansionless distance
L reactor length

: residence time

Wop ¢ = rate of carbon deposition per unit area

q : volumetric flow through reactor

S : surface inside the reactor

v : reactor volume

=2/L

=V/q,o

Rv : rate of generation of intermediates per unit volume

()

Applying the same assumption as in

S I
Wer = kos kKyg [z]
1+ kg [I] + kg [Hé]
k25 k25

To obtain an analytical solution, equation (d-3) is linearized

(for low concentrations of I ) and, together with d-2, is substituted in

d-1. The resulting equation is integrated with the condition that the

concentration of intermediates is zero at the reactor inlet, The result is:

[I] =4 o(‘[—g?ol ]

-

e

§\ kos K9 T &

V}(1+

-4 .k‘] t g.—
'}Iz%i [H?] ) kl e

(d-4)

Equation d-4 could be substituted in d-3 to give a complicated

expression of the rate of deposition with the surface to volume ratio.

However, simplified equations can be obtained for limiting cases, When
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the surface to volume ratio is =zero, equation d-4 transforms into c-1,
reducing the model to the previously discussed in section c,

At small values of (S / V) and T, the exponentials in
d-4 could be linearised and, after simplification, d-4 is transformed

into :

[I] = ol [Ppol ky T § a-5

Equation d-5, substituted into d-3, shows that the rate

of carbon formation per unit area is insensitive to changes of (s / V)

at low values of surface to volume ratio,

At very large values of (S / V), egquation d-i4 becomes :

| ! x,T5
(] - k, £ [p°] (1« '%j [Hz]) o

S
(V) k23 k1s

a-6

Substituting d-6 into the linearised version d-3, the resulting

equation is : g
*x, T
-1 o 1
S L Ky [PF] e a-7
WCF = v

which predicts that the rate of carbon deposition per unit area should
be inversely proportional to the surface-to volume ratio at large S./ V.
Data for the rate of deposition at different s/V ratios haé been
plotted as a function of (S /V)'1 and are presented in figure IV-12,
The prediction of equation d-7 is correct, as the points fall in a stra-
ight line at large S / V ratios,
Finally, it is possible to suggest that the rate of carbon form-

ation can be controlled by the S/V ratio in a reacting system, An in-

creased surface would "trap" the intermediates, avoiding the deposition

@
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of carbon in inconvenient places, such as pipes, valves and nozzles,

e- Mathematical moaélling of the growth of coke particles by carbon

deposition in a fluid bed during industrial thermal hydrogasification

Reference has been made to the fact that the growth of
carbon does not appear to be limited by diffusional effects (sectionfAb),
Evidence for this originétes from the treatment of the data obtained
using fluid beds of coke particles during thermal hydrogasification ,
(Jurthy et.al, , 1963).

In section 4-A.d , the mechanism of controlling carbon
deposition by means of a high surface to volume ratio was analyzed, and
it is very likely that the fluid bed of coke particles play a similar
role, offering a large surface where the intermediates for carbon dep-
osition can be trapped.

Particles in the fluid bed grow by carbon deposition, a
process that can be simulated mathematically, When medelling the part-

icle growth, it is interesting to notice that the shape of the size dis-’

tribution function growth is sensitive to the mechanism of deposition, In
this sense, if particles grow by physical condensation of a heavy inter-
me@iate, the shape of the distribution of particle size would be different
from that obtained for particles that grow by chemical reaction on the
surface,

This fact offers the possibility of testing the applic-
ability of the adsorption - reaction mechanism and the condensation theory,
In this section, a model of particle growth is developed for each mechanism,
The model is applied to the simulation of the growth of particles in an
industrial hydrogasifier and the predictions are compared with the exper=-

imental results,
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Vodelling of particle growth

Given the initiel distribution function of particle sizes,
the particles can be considered to grow by different mechanisms of de-

position,

a- Deposition by condensation of polyauclear aromatics,

This mechanism should be limited by diffusional resistances

only., The rate of volume deposition on a particle in a fluid bed

will be :
R=dv = Sk (c.-Cp) = BSK £ (c.)
at e Dp (o)
R : rate of volumetric deposition
S : surface area
V : volume of a particle
kr, : mass transfer coefficient

CG concentration of condensable in the gas
Cp : Saturation concentration in surface,

DP.: particle diameter

The simplification in (g-1) has been carried cut knowing that

mass transfer to small particles in a fluid bed can be written as

k;, = CONSTANT / Dp (e -2)

>

This gives the following differential dependence of diameter
with time:

abe . = 2K f(CG) e=3
at De

which on integrating, gives

o}

Dp = [D‘p 2 + LK f(GG) t] ' e=l
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!
LK f (CG) t can be replaced by only one parameter © to

- give
1

DP':(D(PZ +e) ) 8.5

n}

b) Deposition of droplets of an aerosol on the particles of a fluid
bed.
This mechenism will be diffusion - limited, singe the droplets of
the aerosol would be of the order of 100 - 800 A ., The growth

will be governed by an equation such as (e=-1)

( Prado , 1973)

c) Deposition by chemical reaction on the surface of the particles

This mechanism will be described by

R d Sk f'( Ce.) 6
= _y_ =D =
at K G

Equation (e-6) gives the differential eguation :

daD = 2k f (C. - e~7
3t K 6) » .
which integrated gives

D = Do + 2k f(CG)t e-8
Again » 2 kg f ( Cg) t can be replaced by one parameter , ©

2
-

D=Do + 6 ' e=9

The experimental size distributions of coke particles

Analysis of coke particle sizes, perfommed before and after
carbon deposition, are given by Murthy et.al, (1963). The initial

particle size distribution function was found by a fitting procedure
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described below, The function was used as an initial value to simulate
the growth by carbon deposition.

The experimental information on particle size distributions
is given in figure IV - 13, To find a theoretical size distribution
function that would fit the initial experimental data, a non linear
iterative parameter estimation technique was used, A series of standard
statistical functions were tested, which included normal and log;xomal
distributions, and these multiplied times Xi , XJ?. and XJ?.. Same of the
more successful fittings are shown in table IV - 7, The best fit is pro-
vided by the normal distribution times X:z., that fitted the experimental

results with a 2,52 % standard error, This function, and the parameters

estimated, were used in the later development of growth models,

Growth simulation

Growth was simulated by applying equations ( e=5 ) and

( e-9) +to small discreet intervals in the distribution of particle
sizes, Particles were considered as spheres, In each small interval,
all particles were assumed to be of a diameter equal to the mean of the
interval and were modelled on the basis of diffusional or kinetic
mechanisms to a selected value of © or 9’. From the new situation,
the cumulative distribution function was calculated,

The results of both models compared with the initial and
final experimental distributions are gi\}en. In both cases & and o'
is a parameter that is proportional to the reaction time and a group of
unknown parameters that will remain constant during the operation;
and @ can thus be considered as a reaction " time" in both cases,
(See figures IV-1k4 and IV-15).

The process of growth by physical condensation doés not
follow tbe pattern require.d by the final experimental distribution ,

The chemical growth mechanism fits the final distribution with good
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T&BLE IV - 7

FITTING THE INITIAL SIAE DISTRIBUTION WITH A4 THEORETICAL FUNCTION

FUNCT ION ol B STAND, DEV, RESIDUES
(%)
(1/8) x EXP (-(xi -o)2 / 252 ) 7,14 x 107 1.28 x 10° 31,25
(Xxi /B ) x EXP (-(Xi -oL)z / 282) 1,86 x 107 1.28 x 10° 8.7
(xi? /8)  x EXP (-(Xi -o)2 / 9 1,85 x 10 1,150 x 102 2.52
(X:'l.3 /B) x EXP (-(Xi -,,()2 / 252) 571 x 10"1 1.409 x 10° 18,83
(Xi2 /B) x EXP (-( log Xi - & )2/232) 6.73 x 107 6.033 32,40

e’

8¢



CUMULATIVE PROBABILITY WEIGHT PERCENT

100+ N— -

! FIGURE IV-I4., GROWTH BY CHEMICAL
SURFACE REACTION. BROKEN LINES:
MODEL SIMULATION

abo 600 800 1000
PARTICLE DIAMETERS ( ,.&m)

A7



jas
=
=
o
(s34
(&)
A
<t
=
o
I
n
(=)
£ 5
=y
H
(]
"
—
'
=
H
o)
IT)
H
Iy

BROKEN LINES:MODEL SIMULATION

1001

60
40t
20F

1
(=]
©

INHOHHI IHHIHAM XILITIAVHOHd HAILVINWNAD

1000

800

600

400

200

284

)

-

(

PARTICLE -DIAMETERS



| 285
accuracy to the data available, ( © = 200),

The conclusion from this modelling study is that the surface
reaction model represents very closely the growth pattern of the coke
particles in the fluid bed hydrogenator under industrial operation
conditions, while a condensation type of mechanism does not give good
predictions of the growth, The former mechanism is probably in operat-
ion during industrial conditions, although further evidence is necessary

before the model is finally éccepted.

f- The derosition of carbonaceous material by vphysical condensation

The so called " condensation theory " was revived recently by

Lahaye et,al, (1974). The theory postulates the formation of carbon
particles as the result of physical condensation of high molecular

weight polycyclic aromatic hydrocarbons., Cne immediate extension of this
theory is the idea that in some éonditions, heterogeneous: .condensation
could be the rate controlling mechanism of carbon formation from a pyrolyz-
ing gas. Heterpgeneous condensation would be thermodynamically favoured
with respect to the homogeneous process at low supersaturations, and
carbon would be formed by further cross - linking and dehydrogenation of
the liquid intermediate condensate,

Experiments were performed in a system where intermediates for
carbon deposition were generated in one section of the reactor tube at
constant conditions and at high temperature (900 - 950° C ). The
products were then passed into a second section of the tub;-that was
held at lower temperature and where a copper sample foil was used to
collect the amount of material present, The second section was con-
sidered to act as a"condenser" , where the heavy intermediates would be
condensed, Results of these experiments were reported in figure III-78,

In a condensation regime, the rate of deposition on a surface
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would be given by the expression :

Yiop = kG (I-1s) -1
: _ AHv
RT -
Is = I8 e - . £-2
where kG : mass transfer cofficient in the gas phase
I : concentration of intermediates
Is : saturation concentration of intermediates
AHv : heat of vaporisation of the intermediates
18 : integration constant.

In the kinetic regime, the rate of deposition would be given by

an expression such as

-E (T
RT
Vep = e £ (1) £-3
where E (T) : apparent activation energy,
(function of temperature)
£ (I) : a function of the concentration of the

intermediates,

Equations f-1, f-2 and f-3 predict different behaviour with respect to
the' temperature when the concentration of intermediates is held constant,
According to f-1, £-2, the rate of deposition would increase with a dec-

rease in temperature, while from f-3, the behaviour should be the opposite,

decreasing rate with temperature.

According to figure III-78, both predictions are correct but each in a
different range of .temperatures.

The complete behaviour of the system can be explained as foilbws . In
the higher temperature region, intermediates do not reach the dew point

but adsorb on the surface and react through an activated chemical mechanism

that is favoured by an increase in temperature., At lower temperatures, the
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'surface reaction decreases and, at about 700o C, the dew point of the
heavier aromatics is reached and the condensation deposition starts ;
this is favoured by - further temperature decreases, The presence of
aromatics in the lower temperature range has been verified by dissolving
the deposit on the sample foil and analyzing it by gas chromatography.
The presence of 3-4 benzopyrene and higher unidentified aromatics has
been verified. ( See figure III-79)

As a result, and in agreement with the previous discussion,
the condensation mechanism cannot be considered operative under pyrolysis
conditions, where the mechanism of carbon deposition most probably in=-
volves a chemical reaction on the surface., Condensation deposition, how-
ever, may be an important source of carbon formation after the reactor, .

in coolers or condensers or on any cold surface that may be exposed to

the outlet gas,

c-3 _THE FORMATION OF CARBON DEPOSITS ON SURFACES IN THE PRESENCE

OF CATALYTIC METALS

a~ Introduction

The existence of a catalytic path for carbon formation
from hydrocarbons on metals was reviewed in-the_Iqtroduction[fram which
it is possible to expect catalytic effects to affect . the deposition
of carbon during p&rolysis and thermal hydrogasification of hydrocarbons
in the presence of some metal surfaces,

The experimental part of this work has sh?wn that cataly-
tic effects are present under some conditions, although ;he main body
of the experiments show that they are short - lived and are replaced by
a " non - catalytic " deposition after some time has elapsed, In some
cases, however, catalytic carbon deposition continued for prolonged
periods of time, mainly in the presence of high proportions of hydrogen

or in the lower temperature range,
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Observation of the compﬁsition of the gas in contact
with the metallic surface under study shows that catalytic carbon form-
ation starts to be inhibited in the range of temperatures where the con-
version of reactants by gas phase homogeneous reactions is significant,
This may suggest some soft of interaction between a gas-phase generated
compound and the loss of activity of the catalyst, or more possibly that
the active surfaces are poisoned by some type of compound produced by the
gas-phase reaction. If this is the case, then the experimental observat-
ion that significant gquantities of polynuclear compounds are produced
could suggest that these condense énd react on the surface in some way to
encapsulate the active metal,

The picture of poisoning by encapsulation may explain why
carbon deposition occurs at essentially the same rate in some experiments
performed on different metal liner foils, After some time, the catalytic
centre will be covered by a layer of carbon, and the deposition will con-
tinue on essentially the same surface (carbon), following the mechanism
described in 4-A-c,

A realistic model of carbon deposition should be able
to describe the phenomen2 in the catalytic and non - catalytic regimes,
as well as in the intermediate region between both mechanism. Such a

model would have to take in to account several processes, whose nature
has yet to be elucidated, A qualitative description and discussion of

a simplified model is presented in the following section ; due to the
uncertanties involved, no attempt has been made to build ; more quentit-

adtive, mathematical model.

b~ Description of a qualitative model for carbon formatlion on

catalytic metals

If the experimental rates of carbon formation at

various temperatures are used to construct a pseudo Arrhenius plot (e.g
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figure III-62) , the dependence is seen to be complex and to show

that there appears to be more than one mechanism involved. Considering
first the low tempeiature reéion, it has been suggested that the rate

determining step is the diffusion of carbon through metal (Lobo et.al,
1972). The first steps of the process were thought to involve the ad-

sorption of hydrocarbon specie and hydrogen on the surface :

Pp + K Pl b-1

|1

Hy + 2 2 MH b-2
followed by the breakdown of the hydrocarbon to fragments of one or
two atoms of carbon.,

The brezkdown would probably be enhanced by hydrogenolysis
reactions, of the form :

PM + aM — (a-1)MCH, + 2M CHg b-3
P+ a MH —» (a+1) M-CHz - b=l

Once the hydrocarbon has been reduced to small fragments,
a dehydrogenation reaction could take place and carbon atoms would then

be produced on the metal lattice ;:

M- CH.3 —— C(Metal) + MH + H?_ ) b-5
These atoms could then dissolve in and diffuse through the metal
crystallite to deposit graphitic carbon at the rear of the crystallite,
The diffusion of carbon through the metal is assumed to be the rate -
limiting step,

In the intermediate region of temperature, conditions are
sucﬁ as to postulate that the formation of polymers or aromatic hydro-
carbons would start to be important in the system., These may be gener-

ated either in the gas phasé, or on the surface by a catalytic fashion :
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surface
ol PF M I b-7

An adsorption - desorption equilibrium of the intermediate

I would then be established :
I + M e ™ MI b-8

If I is either a polymer or an aramatic molecule of high
molecular weight, it would be strongly adsorbed on the metal sites and
would act as a surface poison, Hydrogen, however, would tend to keep
the surface clean, breaking down the polymer or aromatic rings by a series

of hydrocracking reactions :

MI + H2 ——————= n M- CH5 b-9

The small fragments would then be dehydrogenated, forming
carbon catalytically and regenerating the surface active site, The balan-
ce between generation and breakdown of I would thus control the amount of
surface that will be poisoned with I, If I remains on the surface, the
polymer may be expected to grow and to dehydrogenate and reorganise to
produce carbon, .

&t still higher temperatures, the rate‘of generation of poly-
mers and aromatic molecules can be expected to increase, and the balance
would favour encapsulation of the metal, Under these conditions, the
surface would rapidly become covered with polymer and carbon, and the
particular activity of a given surface would tends towards the common

activity of a carbon surface,

It is convenient to discuss the experimental results in the

light of this qualitative model, and this-is carried out in the sections
below,

I - Carbon formation from pure butane
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¢ - Deposition on nickel and iron

Steady staﬁe rates of deposition on different materials are
shown in figure III-39, and although the rates are markedly different
in the early stages of deposition, after some time of reaction the rates
tend to be nearly the same for all materials,

4% high concentrations of hydrocarbon and with little hydrogeﬁ
to keep the surfaces clean, the concentration of aromatic intermediates on
the surface would be very high and , after some time, all the surface
would become covered with a layer of carbon that will poison any catalytic
activity of the metal surface, &ny further deposition would then occur on

carbons of very similar nature, and very little difference would be cb-
served among initially different substrates, Complete encapsulation of
active sites with carbon thus explains why nickel, iron and copper ex-

hibit the same final rate of deposition,

-d The effect of lining the reactor wall with different materials

The fact that the rate of deposition of carbon on an inert
copper foil can be affected by the nature of the reactor wall is very
significant, Deposition on an inert foil was discussed in a previous
section, and the process was suggested to require that a series of heavy

intermediates be produced by a homogeneous reaction :

I

Gas -
~< Pp phase I |

On a catalytic surface (in this case the reactor wall), the
concentration of intermediates in the gas phase may be enhanced by two
possible routes, Firstly, the metal surface may react to produce carbon

forming intermediates directly., These may then desorb to increase the
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concentration of gas phase intermediates e,g,

PP+ M PM
PR MI + H,
MI S—= I + M

Alternatively, the metal surface may interfere with the free
radical reaction in the gas phase in some way, for example, by select-
ively terminating or initiating different chains, The effect of this
interference could be to increase the amounts of carbon forming inter-
mediate, I, subseguently produced in the gas phase,

In both cases, the increase of concentration in the gas will
bring an acceleration of the deposition in the inert foil, via the re-

actions on the inert surface S :

IS ————= C + S

The above arguments explain the experimental observation
that iron and nickel walls in the tubulér reactor enhance the rate of
carbon deposition over copper, as compared with silica or copper walls,
provided that at least some parts of the surface should remain unencap-
sulated by carbon during a long period of time, In a tubular reactor,
these conditions can be expected near the inlet, in that intermediates
require a period of residence time to reach a signifiicant concentration
in the gas phase, <

Experiments reported by Turner (1976), show that the enhanc-
ing effect of catalytic walls on the rate of carbon deposition on copper
in a stirred reactor disappears after some minutes of reaction, ‘This
effect can be explained in terms of the deactivation of all the surface

by backmixing of heavy aromatic intermediates , . As a'result, none of the

surface remains clean,
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e~ Transient effects during the early stages of deposition

The steady stete deposition of carbon on different metals
were discussed in c¢-3-c, where the encapsulation of the metal active
sites was considered to be responsible for the lack of difference in.the
rates of deposition over metals., During the initial stages of deposit-
ion, however, important differences were noted : Figure III-45 shows the
transient rates of deposition on different materials, Iron and nickel
show an increase of the rate at the beginning of the run, followed at
longer times on line by a fall to the steady - state value, The
acceleration period may be attributed to the nucleation of the catalytic
growth of carbon, when centres of growth are generated on the surface .,
The deceleration stage can be explained as the gradual deactivation of
the centres to cause the rate to fall to the " deposition on carbon *
level, The effect is more noticeable for iron than in nickel, under the
conditions studied,

The generation of intermediates on the wall follows the
same behaviour, as shown in figure III-46, Treatment with hydrogen
after carbon deposition did not make tﬁe wall behave as a new surface,
indicating that most of the centres are irreversibly poisoned by the
deposit. | ‘

Treatments of the surface, such as deposition - oxidation-

reduction with hydrogen, may disrupt the surface and enhance the act-
ivity of an iron wall for generation of intermediates, as shown in

figure III-47. The effect, as in the other cases, disappeared rapidly

with time,

f- Effect of temperature on the deposition of carbon

over nickel

~

The effects observed during the present work are similar
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to previous reports in the literature for the deposition of carbon
over nickel from several hydrocarbons. The three zones of deposition
were present, although the tempersetures for each region were found to
be much higher in the case of butane than in the case of the olefins
studied by Lobo (1971) and Figueiredo (1975).

A strong effect of the presence of hydrogen is observed
in the experiments with butane, which could be attributed to the cont-

ribution of hydrocracking rgéctions on the surface,

I1I- ZExperiments with butane diluted with hydrogen and helium

g- The effect of hydrogen on the isothermal deposition over

different metals

Since encapsulation is producing such a marked effect
on the properties of a metal surface, it was decided to investigate
deposition from mixtures of hydrocarbon and hydrogen. Under these
circumstances, hydrogen would be expected to gasify carbon and to stop
encapsulation, Experiments with helium were carried out to check the
importance of dilution effects,

The bhange of the butane to hydrogen ratio in the re-
actor feed acted in a complicated form on the rates of deposition of
carbon over iron and nickel at 800° C. In both cases, low butane to
hydrogen ratios gave a pronounced increase in the rate qf deposition,
which was found to be proportional to the hydrogen concentration to
the first or higher power., Under these conditions, it seems that the
cleaning of the surfaces with hydrogen (thus favouring the catalytic
growth of carbon) is the rate - determining step.

The cleaning effect of hydrogen of the metal active

sites is not very well understood at the present, It has been suggested
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(Figueiredo , 1975) that hydrogen could burn some surface carbon

leaving the surfaée clean, This hypothesis has been discarded by
thermodynamic reasbns, in that the equilibrium is reached with very
small amounts of methane in the gas, The hypothesis that hydrocracking
reactions provoke the rupture of polymers allowing migration of the
smaller fragments into the metal, is worthy to be subjected to further
tests,

A%t higher concentrations of butane, intermediates for non-
catalytic carbon formation could induce surface growth if the catalytic
formation is being suppressed by encepsulation of the metal, A whole
range of intermediate. - stages , combining features of both mechanisms,-
may be expected,

It is difficult, however, to explain why the results for
iron and nickel show a minor maximum in the rate at about 50 % butane
in hydrogen., Changes in composition of the gas phase products, and
their interaction with surface processes, may account for this effect,
but no simple explanation can be proposed at this stage,

Experiments performéd with mixtures of butane, helium and
hydregen at constant initial concentratioﬁ of the hydrocarbon have
shown that the acceleration effect of the presence of hydrogen is not
due to a dilution of the hydrocarbon but to an effect coming from the
chemical action of hydrogen,

The rate of deposition on nickel and iron fqils were found,
as expected, to depend on the previous history of the foil., Treatment

with hydrogen after deposition produced higher initial rates when the
deposition was re - started, Foils that were first subjected to de-
position at high hydrocarbon concentrations gave lower rates in the
following runs as compared to those which were only treated at the

lower butane concentrations, indicating thet parts of the surface



were poisoned irreversibly,

h- Transgient phenomena in the presence of hydrogen

The transient of depositién over nickel at different butane
concentrations in hydrogen is shown in the figure III - 75. Higher
butane concentrations promote faster initial rates of deposition, and the
steady rate is low due to poisoning with polymers or aromatics, Lower
butane concentrations mean higher hydrogén concentration, a cleaner
surface and hence a higher steady state rate, The time taken to reach
the faster rate is longer, as a result of the fact that heterogeneous
nucleation stage that starts the reaction on the surface depends on the
hydrocarbon concentration,

When iron was used as liner in the reactor (figure III-76),
it was found that the rate took quite a long time to reach the same
level as the equivalent experiments with copper liners, No noticeable
enhancement of the rate of deposition was found by the use of the iron
wall, as opposed to the results with pure butane in which an important
acceleration was obtained, The possible explanation is fhat, in the -
presence of hydrogen, the iron wall was able to produce catalytic

carbon from the intermediates and keep clean by the reactions :

¥

I + M MI

MI + H2 —_—— M - CH3

M - CH5 ————= Carbon + MH + Hé

As a result, light hydrocarbons and heavy intermediates
would be depleted from the gas phase, which would, in turn, decrease
the rate of deposition on the inert foil, The surface production of

intermediates would also be greatly reduced through their destruction
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by hydrocracking or catalytic carbon formation on the surface,

5~ The inter relation zmongst pas ma2jor products, arcmatic

compounds and carbon formation

The forms in which aromatic hydrocarbons are synthesized
during the thermal reaction of paraffins and olefins were discussed in
detail in section IV-B of this chapter, Paraffins would suffer cracking
rendering light olefins; which in turn would form butadiene and hexadiene,
These would react further to give cyclohexenes, cyclohexadienes and aro-
matics,

The detailed mechaznism of the synthesis is not known, al-
though it is probable that is carried on through free - radicals react-.
ions,

The formation of polycyclic aromatics from simple aromatic
molecules can be produced through several mechanisms that were discussed
ebove (Chapter IV, section 3-B). Side chains cyclisation and aromatis-
ation could be responsible for the formation of large polycyclic .
aromatic structures,

With respect to the lirk between major gas and aromatic
products and carbon formation,the correlation is not very simple,

The formation of carbon on catalytic metals from pure

paraffins and olefins under conditions of nonhomogeneous reaction
has been verified previously. (Lobo , 1972, Figueiredo, 1975 and
Derbyshire, 1976). One could say that, in the presence of the appropr-
iate metal (Ni , Fe, Co ), carbon will be formed from almost every
possible hydrocarbon,

In the absence of catalytic ﬁetals, however, the situation
is different, Carbon is deposited in conditions where the homogeneous
reaction has reached a high conversion and hence is undoubtedly assoc-

iated with one or more intermediates formed in the gas phase, The
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nature of these intermediates has been subjected to controversial
discussion in the bibliography ( see Chapter I, section 6 ) and every
hypothesis has been found difficult to prove., In the present research,
attempts to plot the rates of carbon deposition as a function of any
of the components in contact with the deposition surface failed to

show an accurate correlation, and hence failed to prove that any of the
observed compounds was the definitive intermediate for carbon formation,
( & similar reluctance of the rates of carbon deposition to correlate

with gas composition was observed by Liebermann et.al, , 1974 )e

This behaviour indicated that either more than one compound acts as
intermediate or that, for some reason, the real intermediate was not de=-
tected with the analytical techniques used during this research,

One of the ;amples of tar collected during series II
experiments was analysed for heavy polycyclic aromatics by British Gas
(London Research Station), The technique used was mass spectrometry,
with a Varian 311 A mass spectrometer. The electron impact spectrum
shown in figure IV-16 was taken at 500° C. The sample was found to be
a complex mixture of polycyclic aromatic hydrocarbons, ranging from one
to eleven rings, and containing alkyl side chains with up to six carbon
atoms, Table IV-8 lists some of the possibilities for many of the m/e
values,

The mass spectrum shows clearly that the chromatographic
technique used during this research was not able to detect all the com-
pounds of molecular weight higher than about 250, A complete and con-
tinuous series of polycyclic aromatics are present covering the range of
up to eleven aromatic rings. These higher molecular weight compounds are
insoluble in most of the organic solvents, have very high melting points,
and hence could be considered as carbon for all practical purposes.,

These observations leave little doubt that aromatics, through
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m/e Possible compound N?.of m/e Possible compound N9.o£

rings rings
128 Naphthalene’ 2 302 Dibenzopyreﬁe' ‘ 6
142 Methylnaphtﬁalene 2 326 Benzénthanthrene 7
152 Diphenylene 2 _ 328 Dibenzochrysene 6
154 Diphenyl 2 340 Dibenzonaphthanthrene 7
166 Fluorene 2 350 Benzocoronene 8
168 Methyldiphenyl 2 352 Tribenzpyrene 7
178 Phenanthrene, Anthracene 3 354 Dihydrodibenzopentacene 7
180 Methylfluo;ene 2 364 .Methylbenzcoronene 8
182  C2-Diphenyl 2 366 Methyltribenzpyrene 7
192 Methsrl phenanthrene 3 374 Dibenzoperopyrene 9
194 Cz-Fluorene 2 376 Dibenzanthranthrene 8
202 Pyrene ] 4 378 ;Iriben zochrysene 7
204 Dihydropyrene- 390 Methyldibenzanthranthrene. 8
216 Methylpyrene 4 400 Dibenzocoronene 9
218 Methyldihydropyrene 4 402 Tetrabenzopyrene 8
226  Benzofluoranthene 4/5 404 Cy-Dibenzanthanthrene. 8
228 Chrysene 4 426 Tribenzanthranthrene 9.
230 p-Terphenyl 3 428 Octacene 8
240 Naphthanthrene 5 440 Methyltribenzanthranthrene 9
252  Benzopyrene 5 442 Methyloctacene 8
254 Methylnaphthanthrene 5 450 Tribenzocoronene 10
266 Naphthoperinaphthene 5 452 Pentabenzopy rene 9
276  Anthanthrene 6 478 Nonacene 9
27é Benzochrysene 5 528 Hexabenzotriphenylene 10
290  Benzonaphthanthrene 6 578 Undecacene 11
300 Coronene 7

TABLE IV~

8



reactions of ring condensation, are the intermediates in the formation "

of non - catalytic carbon under the conditions of this study, The
whdle chain of intermediates, while they grow into graphite - like
structures, can be traced through the spectrum in figure IV + 16

' To summerise the above discussion, while the deposition
of carbon on catalytic metals do not require the formation of inter-
mediates in the gas phese, non - catalytic carbon deposition reguires
the presence of polycyclic aromatic structures that grow towards car-
bon by condensation reactions. These molecules, in turn, will adsorb
or react with other species in the reaction surfaces to provoke the

growth of carbon on the walls.

6- CONCLUSIONS

1~ 4 successful free - radical modelling and parameter estimetion

procedure was carried on for the high conversion pyrolysis of

ethane in the presence of hydrogen, based on experimental informat-

ion obtained from a Jjet stirred reactor,

The procedure could be extended to the modelling of
other hydroéarbons, although errors in the estimation of kinetic
parameters through regression and the complexity and excessive
computer time consumption of the mathematical procedures involved,
would suggest that for practical or industrial purposes, a simplif-
ied or semiempirical model could be used,

-
~

2- Hydrogen was found to accelerate the rate of butane breakdown in
the experiments, This phenomena was reported previously in the
literature, In this work, a series of free-radical reactions are
proposed to explain the effect of hydrogen in the thermal decomp-
osition of butane at low conversions, and the resulting kinetic

equations were solved using the steady - state approximation for

v
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the free-radical concentrations, The final equations show a
linear relationship with hydrogen concentration, which is in

agreement with literature experimental results,

Thermal hydrogasification reactions under industrial conditions
were modelled with the use of 2 slightly modified version of a
semiempirical pyrolysis model reported in the literature. The
predictions of composition agree with literature exferﬁmental
results, the procedure of calculation is simple and requires little

computational effort.

The presence of catalytic metals (nickel and iron) in the reactor,
such as foils and wall liners, was found to have little effect on
the composition of the major gas. products, A study of the transient
effects, however, showed that there is an influence in the beginning
of the reaction, but the effect disap;ears rapidly. The deactivation
of the metal active centres during the transient was attributed to

the encapsulation of these with aromatic polymers or carbon,

Changes of‘the surface to volume ratio inside the reactor were
found to affect the composition of the major gas products, as if the
reaction was being inhibited, The effect was attributed to hetero-
geneous terminations being enhanced with increasing surface to vol-
ume ratios,

*
-

Minor amounts of aromatic tars were produced during the thermal
reaction of butane , Analysis of the tar by gas chromatography
revealed the presence of benzene, alkyl benzenes, naphthalene and
other polycyclic aromatics ranging at least up fo 3-l benzopyrene,
The presence of carcenogenic compounds as products of pyrolysis,.

indicates that proper precautions should be taken in manipulating
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reaction products,

The concentration of afomatic tars was found to increase with
residence time at short times and to go through a maximum and
decay at longer residence times (T = 10 sec. ). ' Hydrogen was
found to increase the production of total aromatics at low con-
centration, but effectively decreased it at higher hydrogen prop-
ortions, Increasing the concentration of butane in hydrogen in-
creased the production of aromatics by a non - linear relation-
ship, Within the range of conditions studied, increases in
temperature produced increases in the rate of aromatics production,
Hydrogen was found to decrease the rate of formation of tars at

temperatures below 800° C.

The presence of catalytically active metzl liners in the reaction
affected the production of arcmetic tars at the beginning of the
reaction, The effect was found to disappear at longer times on-

line, a fact that was attributed to the encapsulation of the

active centres of the catalytic metal,

The increase in the surface to volume ratio in the reactor was
founé to decrease the production of total aromatics, The effect
was attributed to increased heterogeneous termination of free-rad-
ical chains and to the trapping of polycyclic aromatics by the

~

surfaces’ to produce carbon.

The mechanism of aromatics synthesis during pyrolysis was discussed.
There is experimental evidence to support the hypothesis that
olefins are intermediates in the synthesis, and that they could re-
act to form dienes, cyclohexenes and cyclohexadienes, These may

further dehydrogenate to produce benzene and.alkyl-benzenes, At
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the temperatures of intefest, the mechanism probably involves
free ~ radical reactions, Some possible free -radical mechanism

of aromatization are proposed.

The mechanism of formation of polycyclic arocmatics was discussed,
The presence of side alkyl chains in the aromatics produced,
could indicate that these are intermediates between simple arome

atics and heavier, complex polycyclic structures,

The use of a tubular microbalance reactor was found very conven~
ient to obtain information on the rates of carbon deposition
over sample surfaces suspended in the atmosphere of the reactor,
The behaviour of catalytic metal surfaces was found to be, under
some operation conditicns, very different from non - catalytic

surfaces,

Carbon deposition over non - catalytic surfaces (copper) was

found to increase with increases of residence time, The effect

of increasing temperature wss to increase continuously the rate

of deposition, giving only one zone in a pseudo - zero order
Arrhenius plot. Increasing the concentration of hydrogen decreased

the rate of carbon deposition,

The deposition of carbon over catélytic metals (nickel, iron ) pre-
sented differences relative to non -~ catalytic surfaces in the
presence of hydrogen , Temperature was found to have a complex
effect on the rate of deposition, which gave three zones in the
zero order Arrhenius plot, Hydrogen was found to accelerate the

rate of deposition,
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15~ When pyrolyzing pure butane in a reactor 1ined with a catalytic.
foil, the rate of carbon deposition over a non - catalytic sample
was found to increase noticably, During the thermal reaction of
butane - hydrogen mixtures, the presence of catalytic liners
was found to have én effect on the transient rate of deposition

over non catalytic surfaces,

16~ Some experiments were performed in which the tubular reactor wes
heated with two furnaces to simulate a reactor followed by a
cooler section (condenser) . The temperature in the " reactor"
was kept constant and the temperature in the"condenser" was used
as a variable, An Arrhenius plot of the results showed two
regions, A4t higher temperatures, a zone was found that present-
ed a positive apparent activation energy, At lower temperatures
the other zone gave a negative activation energy, The positive
activation energy region was attributed to the chemical react-
ion of intermediates produced in the"reactor" with the surface
to form carbon, The negative activation energy region was
attributed to a mechanism of condensation of the intermediates
on the surface to fcrxm " condensation " carbon, The experiment
showed that the "condensation" region ﬁappgns at a lower temp-
erature than reaction; hence, under reaction conditions, the
deposition of carbon occurs by chemical reaction between the
intermediates and the surface, Carbon could be formed by con-

densation, however, when cold surfaces are exposed to the flow,

17- A simplified explanation of the mechanism of carbon deposition
over non - catalytic surfaces is presented, Initial hydro-
carbons would react in the gas phase, thrbﬁgh a geries of

intermediates, to form carbon precursors (probably polycyclic
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aromatics). These preoursors would adsorb on the surfaces
and suffer further reactions towards carbon on the surface,
Hydrogen may inhibit both the homogeneous and the'hetero-
geneous process, A& simple mathematical model, based upon the
proposed mechanism, was found to explain most of the experime

ental data,

Exp€rimental data from the literature on the growth of coke
particles by carbon deposition during oil hydrogenation in an
industrial plant, was used to discriminate between surface
chemical growth and diffussional - condensation growth models,
The mathematical simulation of the growth of the size - distr-
ibution function shows that the surface chemical reaction growth

predicts accurately the final size distribution function,

The surface to volume rztio in the reactor was found to
affect significantly the rate of carbon deposition over non -
catalytic surfaces, A model is presented to explain the effect
and is solved mathematically, At high surface to volume ratios,
the rate of deposition of carbon per unit area is inversely pro-
portional to the surface to volume ratio, This theoretical

conclusion is confirmed by experiment,

A quaAlitative explanation of the deposition of carbon on
catalytic surfaces is proposed, At the low teﬁperature
zone of catalytic carbon formation, the initial hydrocarbon
is adsorbed in the metal surface. There it is cracked into
small fragments, probably by the participation of hydrogenoly-
sis reactions. Once the hydrocarbon is reduced to small
fragments, these can ve dehydrogenated and the carbon atom

formed cen diffuse through the metal to deposit graphite at a
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growth centre,

In the intermediate region of temperature, the homo-
geneous reaction can produce polycyclic aromatics, These
would %tend to adsorb on the active centres and poison the
surface, decreasing the rate of catalytic carbon formation,

4t the higher temperatufe region, the metzl active
centres become encapsulated with polycyclic aromatics, and
the non -~ catalytic carbon deposition mechanism starts to
operate,

Further experimental evidence is reguired to

verify this proposed mechanism,

21- £ study of the polycyclic aromatics obtained in the exp-

eriments by mass spectrometry revealed the presence of a

continuous spectrum of aromatics ranging up to ten or eleven
rings in the molecules, This finding supports the hypothesis
that polycyclic aromatics zre intermediztes in the route to-

wards non - catalytic carbon formation,

APPENDIX I

lfodel for pyrolysis and hydrogenolysis of hydrocarbons

Primary reaction (Kurata, et.al,,1975)

T4 ‘
Pp (n) ———= a4 H, + a, CH, + a3 CH, + &, Cyllg + ag CiHg

n-

* Z 854z - ( 1-Cylp; ) nz3
iz
Hydrogenation (olisis) reaction (Thompson, et,al,,1973)

Py (n) + (%n-1)H2 —-——-»-‘nCHh
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'¢) Decomposition of olefin | (Murata, et.al. 1975)

r
Cpl, ——— by H, + b, CH +bj CoHf) + b, Colig +
+ by 3l + by C)Hg + by 2 = CHg + by LROK
T
5 .
CjHg ——=—= biE, + b, CH, + by Cy Hy + by Cplig + by C3Hg
+ bg CHg + by 2 -CHg +bg AROM
Ty
10y Hy, == by H, + b, CH, + bs CH) + by CH

+ b5 CBHG + bg C4H6 + b7 2 - CL,.H8 + b8 AROM

n-2
J=H
d) Decomposition of ethane (Murata, et,al. 1975)

e) Hydrogenolysis of ethane (Thompson et,21l, 1973)

f) Hydrogenetion of olefins (lurata , et.al, 1975)

C3H6 + H2 —_— CHI;- + 02 HA

1-C\Hg + HEy ——= .73 ( CH, + C3Hg) + 0.27 (021{4+02H6)

g) Hydrogenation of butediene (urata , et,al., 1975)

~

CL;.H6+ Hz———b 1 "CL,.HB

h) Diels - Adler aromatization (tturata , et.al, 1975)

+ CL,.H6 —_— tROM + 2 H

CZHL;. 2
C3H6 + CA.HG ——p= AROM + 2 H2

CL,.H6 + CL;.HG — ARCII + 2 H2
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2~ Kinetics and constants

a- Primary reaction (Murata et.al, , 1975)

-r4 = k4 (n) [PF (n)]
ky(n) = k4 (no) / (1 +ekx) X = conversion,
‘ 60000 4 - 1.
ky(no) = 5.99 x 15° n2'68 exp {-— R K—'I'.‘— 973 )}
n- Paraffin o
Propane 5.3
n-Butane _ 8.7
n-Hexane 4.9
n-Heptane 3.3
n-Octane 8.3
b- Hydrogenolysis reaction (Thompson et.al., , 1973)

rg = kg (E] [P ()

We assume that these affect the rate of breakdown but that

the initial product composition does not change,

Assume
ry = ky(n) {1 + b [HZ]} [PF(n)]
Known values of b are calculated from (Thompson et.al.,1973)
Paraffin b (1t / mole)
Ethane 0
Iscbutane 1.799
Neopentane L,498

n-butane 5.398



Cyclopentane . 7.198

( Murata , et.al, , 1975)
c- Decomposition of olefinsg .

3/2 - ggo
10

r, = ky [CZHLP k, = 1.70 x 10 e

y -63200 .

3/2 13  RT
r, o= kg | o5t ) k, =3.65x10° e {4

( £, inhibition parsmeter )

rn = kog (n) [1 - Cnﬁgn] n2 4

og (n) = 4,08x 102 277 exp {.- -5%2&(-%—- —%73-)}

Selectivity coefficients for olefin pyrolysis

( From lurata et,al. , 1975)

CoH), CHg C,Kg 1-Celiyg Celig o CHy,
0.084  0.10 - - 0.0k 0.09
- 0.30 0. 46 0.15 0.23 0.11
- 0. 50 0,21 0, 81 0. 64 0.90
0,17 0.01 0. 05 0.13 0.03 0,08
0,11 - 0.46 0. i1 0. 54 10,41
0.22 0.12 0.30 0.26 0.24 0.16
- - 0.10 - 0.02 0.02
0. 034 0.1%4 - 0,05 0.14 0.18 :
- 0.10 - 0.4 0.17 0.29
- - - - 0,07 0.14
- - - - - 0.01



PRIVARY PRODUCTS IN HYDROCARBQ: PYROLYSIS

Values of aj

( Murata, et.al

1975)
PRODUCTS PROPLNE n - butane n- PENTANE n - EEXANE | n- IEITLNE N OCTANE | n-NONANE | n- DECANE
Ho 48 .30 0.33 0.43 0.41 0. 31
CH,, A5 .65 0.56 0.47 0.44 0,53
CoH), 45 .65 0.95 1.25 1.24 1.23
Cotlg - .07 0.08 0.17 0.14 0.19
C3tg .52 .65 0.5 0. 4 0.43 0.45
1 - ¢ Hg - .02 0.27 032.7 0.21 0.20
1 - CeHlyg - - 0.08 0.15 0.17 0.19
1 - Cglly o - - - 0.07 0.16 0.19
1 - c7H1'lP - - - - 0.09 0.15
1 - Cgiyg - - - - - 0.12
1 - C9H18 - - - - - 0.04
TOTAL =XPANS. 1.9 2.34 2,78 3.26 3,31 3.61

TTE
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Ethene decomposition "~ (Murata et,al. , 1975)
| ~75900

7y = ky | CyHg) , K = L40x 107 e

Hydrogenolysis of ethane (Thompson et.al, , 1975)
r =k[CZH6]

x = 1072 exp (- 90000 / ET)

f- Hydrogenation of olefins (Murata , et.al., 1975 )

ot e = 4] o) [ 1)

K, = 2.5x 107 x exp (- 32300 / RT)

CsHg + Hy——=CH,  + CJH, ry = kj[CBHG] [ H2]

12

Ky = 1.49x 100 exp (- 57200 / RI)f,

1-Cylig + H, —=73 (CHy, + Csllg) + 0.27(C,H, + Cyllg)

\
rl:_ = kl'_ [ 1- chHS] | HZJE

-

2,67 x 1015

o
[}

exp (- 62400 / RT)

g- Hydrogenation of butadiene

ITn

C,Hg + H, —=1 -C

x Hg

2 l

4

k [c,u6) [1,)

H
1]

k = 2.67x10'2  exp ( - 62400 / RT)

(Assumed equal to kh)



h- Diels - Adler aromatization-

02H1+ + CLI_H'G e~ ARCM

v = k5 [cHf] [CZHLJ
ky = 9.58x 107

CsHg + CHg ——s AROM
rl = ke [ogg[c,H]
kg = 5.02 x 107

04H6 + CLI.HG——-» AROM

2
)
vy = X [Chﬂél
k’7 = 2.57 x 107
1 - CHig + CHc——= AROM +
{
rg = kg {1 - CuHEMChHG]
Kg = 9.36x 10'2

2
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(Assumed as polymer
formation in Murata et,al,,

1975)

exp ( - 28800/ RT)

2

exp ( - 29700 / RT)

exp ( - 24800 / RT)

exp ( - 52700/ RT?

o
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NOTATION

CHAPTER I
Cl s Co Constants.,
[ ] Indicate concentration of the species considered.
_1)

S/V Surface to volume ratio. ( cm

CEAPTER IT

T Residence time, defined as the volume of the reactor
divided by the gas volumetric flow at inlet conditions
( sec )

CHAPTER IV

Section 2.a

aij Kinetic coefficient of the jth species reacting in
a first order reaction to produce tne itn species
( sec )
bijk Kinetic coefficient of the kth and jih species

reacting in a second order reaction to give tne
itn species, ( cm? see™! g-mole~l )

Niys Tys First order kinetic coefficient. ( Similar
meaning as ajj Y. ( see™t )
dijr Cik .
a, Volumetric flow at the conditions at the reactor
inlet. ( cm? sec~1 )
Ssi1ey bas Second order kinetic coefficients., ( Sipilar
ERLRE S 2 g sec"T g—mole"T )

meaning as bijk ). ( cm
Tikjo Bilk |
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koi Pre-~exponential factor in the Arrhenius expression
for a kinetic constant, ( see™ ) or ( cm? sec 1
g-mole™ * )

k Kinetic constant. ( sns:c'“l ) or ( am® sec™t g-mol =1

i , . g-mole )

Ai Coggentration of the ith molecular species (g-mole
cm ).

B- Logarithm of the Arrhenius pre-exponential factor,

Bi Concentration of the ith free-radical species.

( g-mole cm ~ )

By Activation energy. ( Kecal g-mole~l )

Ci gongentration of the ith species, (_%ither free=
adical or molecule ). ( g-mole cm - ).

R Gas law constant. ( Keal g~mole™* °k~L )

Ri Rate of appearance of the ith component; .

(g~mole em™3 sec”l )

RA. Rate of appearancglof the ith molecular specles,
1 ( g~mole cm™~” sec ).

Ryi Rate of appearance_of the ith free-~radical species.
( g~mole cm™ > s,ec-l )

Skg Relative sensitivity of k with respect to B.

SR Relative sensitivity of k with respect to the
activation energy.

T Temperature, ( °k )

Vv Reactor volume. ( em? )
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Vector of concentration of molecular species.
Vector of concentration of free-radicals.

Vector function of the concentration of free=-
radicals,

Vector function of the concentration of the
molecular species,

Vector of reaction rates of molecular species.
Vector of reaction rates of free-radical species.

Vector wnose elements are nonlinear functions of
the concentration of free-radical species.

Increment operator.

Relative expansion of a reactant gas mixture.
Density of tne homogeneogs mixture. ( 4r cm‘3 )
Inlet residence time of the reactor. ( sec )

Matrix funetion of the concentration of molecular
species,

Matrix function of the concentration of free-raaicals.
Vector of elements of small magnitude..
Initial conditions in the variable considered

Vector or matrix quantity.

Value at the nth iteration,



.PF (n)

1s A2

Az, Ay,

etc,

IS

CF

£(Cg),
fZCG)
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Section 2.¢

kinetic parameter that describes the acceleration
produced by hydrogen on the rate of decomposition
of hydrocarbons, ( 1t g-mole™"* ),

Paraffiniec nydrocarbon of n carbon atoms,

Section 4-A.c

General groups of constants,

Intermediate in the route towards c¢arbon.

Intermediate adsorbed on a surface site.

Surface site for adsorption of intermediates,
Assumed to be part of tne carbon wall,

-l)

Rate of surface carbon deposition. ( P8 t::mm2 min

)

Stoichiometric coefficient for tne production of
intermediates from paraffins,

ITh

Section U-=A.e

Functions that depend on the concentration of
intermediates in the gas.
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Parameters formed by a group of constants
multiplied by time.

kinetic constant of reaction between molecules of
intermediate and the surface of tne partilcle.

Section 4-8.b

Metal catalitic surface site.

nvon-metal surface site. ( Assumed generally to be
tne carpon surface )
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