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Abstract:
The pyrolysis of naphthacene was studied in a Thermogravi-metric Analysis (TGA) apparatus in order
to obtain information which might be useful in the manufacture of commercial pyrolytic graphite.

During the pyrolysis runs, data was obtained concerning amount of weight loss, temperature, and rate
of evolution of the gases produced by pyrolysis. Following the runs, the products were analyzed. The
final temperature of all runs used for quantitative purposes was 625-630°C. The results of the product
analysis were used to form a stoichiometric equation for the overall reaction of naphthacene.

Four compounds and unreacted naphthacene were found to be present in the condensate. One of these
was 5,12-dihydronaphthacene. The other compounds appear to be two oxygenated compounds and one
compound that maybe the result of further reaction of dihydronaphtha cene.
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Abstract

The pyrolysis of naphthacene was studled in a Thermovrav1- .
metric Analysis (TGA) apparatus in order to obtain informatior which
might bg useful in ‘the’ mapufactu;e of commercial pyrolytic graphite.’

- During the pyrolysis runs, data was obtained concerning amount
. of weight loss, temperature, and rate of evolution of -the ‘gases pro-~
duced by pyrolysis. Follow1ng the runs, the products were aznalyzed.
The final température of all runs used for quantitative purposes was' o
625-630°C." The results of the product analysis were used to form a’
stoichiometric equation for the overall reaction of naphthacene.

Four compounds and unreacted naphthacene were found to be .
present in the condensate. One of these was 5,12- dlhydronaphthacene.
The other compounds appear to be two oxygenated compounds and one
compound that may -be” the result-of further reaction of dihydronaphtha-
cene.

R




Intrbduction

Pyrolysis or thermel decomposition is the process- of breaking
chemical bonds by me;ns of thermal energy. Unless.pyrolysis ocours
in thé presence of qaﬁa}y$ts, it 1s known to proceed by'a.free radical
mechanism and tﬂe produéts of pyrolysis may be predicted to some ex-
tent by means of the application of the knowledge of free radical --

chemistry.

The manufacture of pyrolytic graphite involvgs the pyrolysis

"of a feed stock that is primarily aromatic in character. The compon-

ents of this feed that end up in the finished graphite are primerily
polynuclear aromatic hydrocarbons or compounds which are capable of
undergoing reactions which form this class of compounds. Lighte: com-

pounds will distill off during the process of heating the feed to the

temperatures required to form gréphite. Other classes of compounds

besides polynuclear aromatic hydrocarbons.can undergo pyrolysis and
vield a high molecular weight carbonaceous residue, but ordinarily

this residue will not yield a high~oriented graphite (1). There are

two primary considerations which determine whether a given compound

will give a weli-orientgd graphite. The first of these involves the
strucfure of the original molecule. If the starting compound is not
planar or has a great deal of steric crowding, it is nof likely to

form a well-oriented graphite. The second involves the melting poiﬁt
of the startiné material. Brooks and Taylor found that well-oriented

graphites did not result unless fusion of the starting compound occurred

prior to the reactions producing graphite~like structures (2).. For
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these same reasons, if the mechanism of thermal decomposition for a
molecule involves intermediates with the characteéristics mentioned’

above, the compound is likely to form a graphite that is not well-

oriented.

Compounds which form graphites react in the following manner:

First, an aryl radlcal is formed by the rupturlng of a carbon—hydrogen

bond or by the attack of a radical on an aryl hydrogen. A diaryl

molecule can then form in one of two ways.. The flrst and least prob-

able way is by combination‘of two-aryl raalcals. A nore'llkely‘mech;

anism is the addition of an aryl:radical to an aromatic molecule fol-

lowed -by the removal of hydrogen to give.a»diaromatic.system.. In
order 'to get compounds with structures similar to that of graphite,
cyclodehydrogenation takes place to give a more“oompletely'aromatic

system. For example, in the tar formed by flowﬁpyrolysis_of_anthraf

cene at 700°C are 9,9'-bianthryl, 1,2:ll,l2—dibenzoperylene,.anototner—

compounds which could be formed by cyclodehydrogenation of the above
or of compounds formed by some of the other possible radicals of
anthracene (3). . The structures: of these compounds are shovn inﬁ%:

Table I.

The commercial manufacture of pyrolytlc graphlte involves a

'two-step process. Durlng ‘the flrst step of the- process, ‘a.coke.is.. .. ...

formed by heating the feed stock slowly to approx1mately 800°F. Dur- - .

ing this heatlng perlod -the temperature may be allowed to level off ;

at various intermediate points in order to help to remove 1mpur1t1es
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which may be present in the feed. Affer the temperature rea&hes its
final value, 1t is kept there for a predetermined length of'time,: Thé
resultant coke is then made into electrodes and heated in an electric

furnace to the 2500°C temperatures which are required in order to

produce graphitic products (4).

At the present time it is not possible to tell in advance what

the quality of the final graphite resulting from a given coker feed

stock will be without taking a sample of the feed and actually making - -

graphite from it. It would be desirable to be able' to obtain enough
Ainformation from the initial coking process to be able to tell what

the ultimate graphite quality from the feed would be (4).

Most of the literature oriented toward the preparation .of - :
gfaphite from polynuclear aromatic hydrdcafbons is based on Work'dong_~"‘
by'the Union Carbide Corporation for the Air Force MateriaisALaﬁorétofi.
They took a large number of compounds and heated them té 7502C in a'-
Differential Thermal Analysis (DTA) unit and classified these compounds
as either thermally 'reactive" or "unreactive', depending on whether
-”they gave a meésurablé .amount of carbonéceous résidue ét thé-ena Bf_ -
the’DTA~runo. These runs'were ﬁade at-étmospheriC-pfeséure (5),“ Out. .
of those compounds which were found to be "reactive', the&,Seleqﬁed
approximately 100 compounds to bonveft to.graphite byﬁhéatiﬁg>£o:30609C,;
The orientation of the resultant graphite was theﬁ studiéd by means of
'i—ray diffracfiSn.- The "002 lattiCérspaéing was selected to reflect the
orientation of the graphite. The lower the value of this spacing, the -
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better is the orientation of the graphite (1). Graphites with a
value for this spacing greater than 3.366Angstroms are poorly oriented

.(1);

~

‘The purpose of this study was to study the reactions of com-

pounds similar to those which would be found in coker feed stodks used

'.in the manufactﬁfe‘of pyrolytic grabhite with the hope that the iﬁ-

formation resulting might be useful in coker design and also might
provide a useful way of testing a coker feed stock in order to predict

how good a graphite it ‘would make.

Two compouﬁds were selected for this study: - 1,2,5,6-dibenz- .

—anthracene and naphthacene. The first compound was selected because

information available in the literature (6) indicated that the only
gaséoué proﬁucts presént in significant quantities after pyrolysis of
this compound in a sealed -glass ampoule were hydrogen and methane. This
would mgke analysis and.subsequent determination of kinetic information
much simpler than if more gaseous products resulted. The chief dis-
advantage of this compound is that we wanted to know how well-ordered

a graphite would result from the compounds selected and dibenzanthra-
cene was classified in the work aone by Union Carbide as thermally

"unreactive" (5). DTA of this compound showed a boiling point at 520°C.

Tn the equipment used for this study, it was possible to obtain
a 35% yield of carbonaceous residue based on original sample size when

the pyrolysis of dibenzanthracene was being investigated. In the DTA

work done by Union Carbide, the heating rate used was ten degrees per




Equipﬁeﬁt'

2"AidféWing of the equipment used to conduct the pyrolysis is
shown in Figﬁre 1. Basiéaily, it consiéts of a.stainless steel re-
action chamber whiéh is.suspended_from a_éontinuous recordiﬁg béléﬁce.'
The piece of tubing from.ﬁhich the reactor is suspénded is also the
fﬁerméwell for méésﬁrément of feac£o;- temperature° Tﬂe_ﬁalénce is
the same one which R. A. Currie built for.his study on the‘pyroiysis
of acenaphthylene and bifluorenyl (7). Figure 1 shows the equipment
as'it.agbéaréd thlenCurfie was'doing gis work. Figure 2 shows éome |
of the modifications which ;ére necessary in order to make the equip-
-;meﬁf-perfo¢m satisfactorily for naphthaeeﬁea‘—Comparisqp qf Figures 
1 and-2 shows that the design of theé cabvﬁhich fits over ﬁhe heated
'-;one &éé chéﬁged. Thié ﬁés done for_two reaéoﬁs.. It was feif thét
the émount of oxygen getfing to thé reaqfing materiéls would»bé de-
- creased shérply bj increasing the length of the path required for its
diffusion. The primary feaéon; however;.for“the chaﬂge iﬁ design wés
to allow.ﬁhe inétallation of an additional heater. The purppsé ofAthié
heater was to prevent the condensation of the heavier prdduéts which
-distilled off auring the runs. In the early runs which were made on
'.naphthééénellheavj solid products would condense o#:the-therﬁowell and
along ﬁhe tube leading from the condenser to the reactor. This would
result in the fouling. of the balaﬂce. The heater was installed in
order to raise the temperature of the gas coming in contdct with these
products to a value sufficiently hiéh-to.prevent condensation from
occgrring until they reached the condepser regidn. ‘The heater consisted

of nichrome wire with ceramic bead insulation wrapped around this cap




~7-.
"“4nd the beginning of the nipple leading away from the cap.
In addition:tq_the gquipmeht shownlinAFigures 1 aﬁd 2, there
is é.chrbmatograph»built espééially for.this projecf'hooked up to thé
out}eﬁ in Qrder fo‘analyge for_fhg non—condensab%e gases produced.
The'chrsmatograph, which contains a thermal conductivity detector, uses
a Y~inch dismeter éoiumn that is packed with Po%apak Q lbO/lZO.to sep-
arate and analyze the:gaseous_produqts of naphthacénp'pyrolysis._fThis
column is six feet six inches in-lengtha. Immediately.beforé the
cﬁromatograph is located é giass waol filter to remove the last of the
'solid. products from. the gas stream and-a. tube of drierite to remove ény
water that may.bé cdﬁfé{ned'in'the-stream; The cgrrier gas used in’ the -
- chromatograph was nitrogen at 65 cc/min. The column temperature was
118.5°C. Nifrogen‘was.used because helium, which is'the preferred gas-
for.methane and ethanevchromatograﬁhy; is. very pobr for hydrogen. |

Nitrogen is also inexpensive enough to use as a purge for the system...

The chromgtograph Wé;\prqyided ﬁith an automatic saﬁpling yalve
in order to have exactly the same éample size at every injec#ion. This
. was very.imporﬁént:since it'wés nééeés;ry tothaée infd:mation about |
.‘absolute éonceﬁffétidﬁnéf theh{hdiﬁidual'éémbéhénté of the gas being'
analyzed; This uniformity iﬁ sémple sizé caﬁ not ordinariiy be |
achieved with a syringe. |
The last piece of equipment used during“thelreaction was a posi-
tive displacement.pump whiqh.was used.to‘puli the.éases~léaviné the

condenser through the sample valve at a constant rate. It did this by
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pumping water out of a sealed bottle whith was connected to the out-

let end of the sample valve at the required rate..

The remainder of the equipment is that which was used for
analysis and identification of the products. An Aerograph 660 gas
chromatograph equipped with a flame ionization detector was used to

analyze the condensate. The column'that was'used was a 1/8-inch’

_dlameter, twenty—flve foot .column packed with 5% SE-30 on 50/60 mesh

. Anakrom ABS. .The carrier gas was nitrogen at 25 oo/min. The column

temperature was 242°C.

" Thé infrared spectra used to identify one of the products and
to aid in the characterization of one of the other products. in the.

condensate were run in a Beckman IR-4 Infrared Spectrophotometer. The

. infrared spectra of another condensate fraction were run by Huffman

Laboratories in Wheatfidge, Colorads.

Ultrav1olet spectra were run in a Beckman DK-2 UltIaVlOlet and

Vlelble Spectrophotometér,

Preparatlve Chromatography was done in an Aerograph 200 ‘gas

‘chromatograph in a %~1nch column, flfteen feet long, packed with the

same material as that used to analyze the condensate using hydrogen

~

. as carrier gas at }Q cc/min. The column temperature was 250°C.




EXPeriméntalaand Analytical Procedures

The sample size used in the pyrolysis runs under discussion

"here was between. 0.9 and 1.1 grams. Prior to the beginning of the

runs, the nitrogen'supply'to the reactor and that usea to provide a

continuous purge to the reaction chamber shown in Figure 1 was turned

':on. _Durinéithe,proéfeés of the rﬁn,'the rate of supply .of nitrogen

- was kept. slightly.higher. than the rate. of its removal through the

sample valve .in order to help to cut down on the amount of oxygen en-

tering the system.

On the day of the run, samples of the calibration gés were run

‘through the sample valve at. approximately the same rate.at which the .

reaction gases'wduld be pulled' through the valve -during the run ' in

order to check the calibration curve and to provide a means of correc~"

tion for the normal variation in atmospheric pressure ‘that occurs,

'l$he'calculation of gas evolution rates was done by using the

peak heights shown on the reaction-monitoring gas chromatograph. A

calibration curve was made using a calibration gas purchased from the

Matheson Company ‘which contained 5.27 mol% hydrogen, 5.32% methane, and

:5.43% ethane. in nitrogen. The calibration curve was made by injecting

"samples of %;>1,'2; and 4 cc fhrougﬁ the éémpliﬁg valve étmapproximaﬁelj“-

the same raté at wﬁich the gases are pulled through it during the pyrol- -

ysis runs. This gas contains hydrogen, methane, and ethane at approxi-

. matély the same concentrations in which they appear.in the gaseous

. product mixture. Since the sample loop is not connected to carrier gas

pressure until the moment of injection and the sample 1oop is outside
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" the chromatograph and Tar enough from the reaction area for the gases .

to cool to room temperature, the calibration curve. was based. on am-

bient temperzture and pressure.

-Twepty—fiﬁé degrees centigrade was assumed as the temperature
and.the pressure was measured prior to every run “in order to m;ké
correctioﬁs on the calibration curve.-:Siﬂce.tﬁe calibrafion curve was
based on a flow rate through the sample &alvg of 65 cc/mi#, it was |
necessary to-correct for devia£ions from this value which occurred
during the runs. The variations in aﬁﬁient temﬁerature were not cor-
rected for since the origiﬁgl_calibratibﬁ.curve was made using the .
-assumption that sample valve temperature: was the same aé that in- the
chrématoéréph. ~ The bece ;amble loop was used during all of the runs.

~'The gas evélution rate coUld.then be ‘calculated by means of the follbw—

ing equation:

moles

’ moles
~—— x flow rate = -—T—"—"=
_sample - min -

In this equation the flow rate must be expressed as the number of bcc.
sampies ﬁér-minute.. The poihts ﬁsed to make thé_caliﬁration cﬁrve are
“shoim in Table II. A ébmpﬁfér program which was used tb”feaaf%he cali-
bration éufves.ié shown in Table IiI. The subroutine which will do;thé
ﬁecessary‘intefpolations is shown in Table IV. This sﬁbroutiné takes
‘the four points on the calibration curve nearest‘tg the desired value
. and fipé a founrth ordermpolynémial thréuéh'them and then calculates the

desired intermediate value. The input to the curve reading program
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includes -calibration -curve data taken from a graph which was drawn of
the calibration for'approximately every five units of peak height. It
also includes the values of peak height for the gases taken during tﬁe.

run being analyzed.

,Andthef,ﬁrogram was_wriﬁteﬁ to integréfe the gas evolution rate
curves in order to obtain stoichiometric coefficients fo:‘the_géses.i

It is shown in Table V that the output of this program was time, tem-

perature, fraction of original 'sample corresponding EQ tﬁe amount of

weight lost -since the beginning of the run, total amount of gas evolved

per gram of sample, and per gram of material remaining in the reactor.

. Gas evolution rate was expressed in both of these ways 'in order to

decide which of the two values to pﬁesepf in the form of graphs. The.
values in the individﬁal runs are affected by so many oﬁher variables
other than temperature, such as the rate of temperature increase at the
time at which the sémple is taken, that the rates at a given temperature.
do pot agree very well with thése from other runs, no mattgr which.basis

is chosen as a means of expression of the rate. The rate per gram-of

sample was chosen as the expression to present., 'The rate per gram re-

méining in the reactor can easily be balchiatéd from the other. The

output of this program also provided the input to the program shown in

' Table VI which made the graphs shown in Figures 3-6.

. ..During the. progress of the -runs, an atte@pt_was,made to keep the

rate of temperature increase as close as possible to 1,67 degrees Centi-

grade per minute in order to-get a better comparison between the re-
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sults of the different runms. ‘The rate of températuré increase’priof
to:the-temperature at which naphthacene melts (357°C) was found to
be.ngt cr;tigal'since:there dpes not'appear to be any_significaﬁt~
ampunt.of reaction_prior to that'tempergtufe.

"After melting had occurred, thetgas was sémpled every five
“minutes until propane begén fo be‘evolved.A It was then neéessary to
wait ééx‘minutés‘;p_prder_to aliow the pen to.get'bagk.to thg‘fase—
line before‘injecting a new sample.

At the time bf éample injection, a record was made of pumping
rates Forjthg compounds which were used for this study, fhis was
necessary because at the time during‘thg run during which large quan-
tities of condensate were coming off, (420-500°C). enough condensate
would coilect in the tubing leading to the chromatograph to cause a
" great increase in resisténce to flow. Since the calibration curve which
gives gas evolution rate from the chromatograph peak height is based on -
a'éonstant flow rate of'65_cﬁ/min, any'significant'deviation'from thisl
flow rate must be corrected for,.

The complete funs’Were‘terminated after the temperature of the
.-react§r héd remainéd-conéﬁant'at 62550 to 635°C for 15 minutes. The
ihtefrupted'runs were terminated either afﬁer'IB minutes atﬁsome'de—~
. Signated température if weight loss had not.yet.beguﬁ, or'when-tﬂe

reaétor héd reached approximately constant weight.
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After the runs had been completed, the final weight of the
"rééctor was recorded and’ the carbonaceous residue was scraped out.
 This residue was extfaoﬁed for 24 hpurs in a Soxhlet Extraction
Apparatus to measure the amount of.benzene-soluble material present

in the residue.

The condensate was fifst separated manually into two fractions:
‘unreacted napﬁthacehe and other condensate. It was necessary to ﬁaké
this separation before chromatography becausé the chromaéograph column
used would not'resolve naphthacene and some of the other compounds
. present in_ the. condensate. 7This separation could be made with little
difficulty, provided that enough condensafe was present, since an inter-
face forms in the condenser between naphthacene, which is red, and one
of the other compounds, which forms yellow crystals. The fraction
from which the naphthacene had been removed was then analyzed in the

chromatograph. .

Additional work was done on the condensate from some of the runs

in order to identify some of the products.

The most important thing that was done was manual preparative
chromatography, which allowed condensate samples to be separated into_
fractions qontaining~some_of the compounds making up Fhe condepsate in
higﬁ purity.: Soﬁe of these were. sent to Huff%an Laborétories for an;
alyéié of molécﬁlar weight and-cérbon_énd hydrogen content. Infrared
and ultraviolet spectra and meiting point were taken with equipment

- . . . |
available on this campus. The infrared spectra that were obtainfd
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were run in approximately 1% concentration in KBr micropellets in
a Beckman IR-4 Infrared Spectrophotometer. The ultraviolet spectra
were run”in an’ approximately saturated solution in ethanol in a

‘Beckman' DK-2 Spectrophotometer.




R Results and Discussion

‘A total Qf 13:pyrolysis.}uns Qefe made on naﬁhthécéne. Eleven
of these were terminated at 625;630°C. The last two runs were made
to intermediate temperatures in order to obtain infdrmétion abopt'When‘
different reactions were occurring. For the complete runs (termina-
tion'temperatufe'6254630°c), the‘suéplief”of'the naphthacéne was K & K’

Chemical Company. The supplier for the interrupted runs (those fermin- -

.afed at intermediate temperatufes)ﬁ was the Distillation Products

Division of the Eastman Kodak Company. It was not possible to use the

same- supplier for all.of the runs because K & K ran out of néphthacene

. shortly before the time that the naphthacene required for the inter-

rupted runs was ordered. - Only the last four of the complete runs will

be discussed here since information obtained in these last four runs

indicated that the results of the first six runs was not truly repres-

‘entative of the reaction of naphthacene at the measured temperatureél

of reaction.

© The @ain problem which had to be.solved in order %o get data
representing a true picture of the reactions occurring at the.indi~=
cated teﬁperatures.was gettiné the high molecular weight vaporizable
compounds produced by the pyrolysis into the condenser regioh without
condensing prematurely -or undergoing fufther reactionf When the egﬁip-
ment was sét.gp as shown in Figure 1, the temperéture of the gases

éntering the condenser fegiqﬁ'was'énly 140°C, well below the melting

points of all but one of the compounds which were isolated during this

“studys This resulted in the condensation of the solid products a§ soon
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as they left the hot reaction zone. The. products would then collect
on top of the reactor, on the walls of the passageway leading to the

condenser, and on the ‘outside of the thermowell. Eventually enough

. of them would collect to foul the balance and no meaningful weight loss

data -could be obtained; This-probiem was first solved by putting an
additional resistance heater around the cap, as éhown in Figure 2.

With this heater it was possible to raisg the gas femperature ﬁq 318°¢C,
which was sufficient to get all of the solid products at least as far
as the nipple leading away from the cap. Unfortunately, the surface
temperature of the cap necessary po produce this gas temperature intro-
duced some materials problems. This temperature was high enough to
pfoduce scale on the surface which was difficult to keep- from dropping
into the product when cleaning the apparatus at the end of the run. |
Evidence was also obtained that the éap was hot enough so that the un-
reacted naphthacene which distilled off and collected in-the nipple
continued to react and give off products. The final solution came from
the installation of another preheater external to the apparatus. This
méaé it poésibie to heat tﬁe gase% entering the condenser to 2?O°waith-
out making the:nipple %egion hot enough to cause the continuation of

pyrolysis there.

The information obtained during the complete runs is shown in
Figuréé 3-6. 'The‘same information is presented in tabular form in
Tables VII-X. The gas evolution rates which were obtained diréctlj

from the.chromatograms made during the runs are underlined.
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On a qualitative basis, the results-obtained during the runs
are guite similar. They all show maxima in hydrogen evolution rate .
at Lp5-4359(¢ and a smaller maximum toward the end of the run near -
where the temperature began to level off. The curves -for methane show
maxima at.470-485°C and one run (Ex-NA-7) shows another maximum at
- 518°C. (Note that the value of moles of gas/min. gm of sample at the -
first ma#imdm for this run was considerably lower than that for the.
other runs. All of the.runs show maxima in etﬂane evolution .rates
at 460-485°C, In addition to the results shown on these graphs, there
is ‘a maximum evolution rate for propane at.460~475°C (although Ex-NA-8
showed its propane maximum at 485°C) énd‘for ethylene at 450-460°C.
" There was also. good agreement between thg'runs/in the temperatures at
which a weight loss first appeared. Weight loss in all runs except
Ex-NA-11 began at 403-4Oh°C, -It began at 407°C in Ex-NA-11l. This
could gasily be due to the lower semple size in this run since the balf
ance hsas a finite sensitivity and the lower sample size could result in
' a longer lag until tﬁe balance was able to detect a change in weight.
It should be mentioned ﬂere that in all of the runs, some matérial had
appéared in the élass filter located just aheéd of the chrématograph
at least ten degrees before the balance first showed a loss. After the
runs, the residue was put into é Soihlet extraction apparatus usiné
benzene for-sélveqt_for 2k hours. None ofsthg runs taken to completion
showed a significant quantity of benzene-soluble materiél present in

the carbonaceous residue.
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In addition to the gases mentioned above, a small amount of
propylene was obser&ed.- Propane, propylene, and ethylene were not
analyzed quantitatively since they were present in much sﬁaller amounts
than the otﬁers. A chromatogram Which is typical of those taken dur-
ing thé portion of tlie run when all of the gases by propyleﬁe are pre-
sent (when pfopylene ié présent it appears as a shoﬁlder on the propane

peak) is shown in Figure 7. Peak 1 is at an attenﬁatipn of lOO'g.

Hydrogen, methane,. and ethane were identified by means of com-
parison of retention.time with that resulting from injection of a
sample containing £hese compounds in épproximately the same cohposition
as that resulting from reaction. Propane and propylene were identified
by comparison of retention time with that of pufe samples. The dif-
ference in retention time between propane and propylene was used to
identify ethylene by analogy-b& comparing the retention time observed
for the peak suspected to be ethylene with that for ethane., Peak 1
was found to-be hydrogén, peak 2 was methane, peak 3 was éthylene,
peak 4 was ethane, peak 5 was propane. These same gases .are repo?ted
in the 1iteréture as products when naphthaeene is pyrolyzed at Ly5eG
in a sealed glass ampoule (6). This same reference listed CO and QOZ

as products and there are unidentified peaks between peaks 2 and 3.

"~ Water was also given off and was removed from the stream ahead of the

chromatograph becsduse it has the same retenﬁion_timé in the column

used as does propane.
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A chromatogram similar to that which results from chromato-
graphy of the condeﬁsate after the unreacted naphthacene is removed
is shown in Figure 8.- The actual resolution which results is much
" better than that indicated. The only purpose .of this figure is to
indicate ‘the peaks tha% result. The order of retention times is read
from left to right. The first peak is solvent, the second is an un-
idéntified light compound and the peaks labeled I, I, IITI, and IV

are the ones which were used to obtain quantitative results.

. Some of the-oompounds represented by these peaks were isolated
for fufther étudy. Compound I appears in the condensate far enough
separated from the other components that it was readily available in
sufficiently high-purity for further analytical work. The sample of
it that was obtained showed only one peak in the 1/8~iﬁch column which
was used for condensate aﬁalysis, Peak ITI was isolated by means of
preparative.chromaﬁograﬁhy. Peaks III and IV were obtained in the
same fraction by preparative chromatography and were then-separatgd by
hend since the %ﬁinch.cqlumn used for the preparative work wés not

capable of resolving these two compounds,

Figure.é shows the regions in which unreacted naphthacene,
compound I, and compouﬁd IT collect when passing through the condenser.
Compounds III gn@ Iv collgct primarily in the tubing leading from the
condenser to the chromatograph énd in the glass wool filter at the

"end of this tubing.
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The problem of identification of these coméounds prroved to be
very difficult. The only compound appearing in the condensate which
was positively identified besides unreacted naphthacene was 5,12~
dihydronaphthacene. The structure of this compound is shown in
Table XII. It is reported in the literature as one of the pyrolysis

products of naphthacene (5).

A considerable amount of information was obtained to aid in the
characterization of compound I. It has a melting point of 145-150°C.
The molecular weight measured by Huffman ﬁaboratories by the Rast metﬁod
indicated that it has the same number of carbon atoms as naphthacene.
The result of the carbon and hydrogen detefmination which was also done
by Huffman Laboratories is: carbon, 92.5%; hydrogen, 7.5%: Calcul-
ated values for benzyl naphthalene and methyl-benzylnaphthalene are
6.46 éﬁd 6.94% H. The ultraviolet and infrared spectra of this compound

are presented in Figures 10 and 11l. The infrared appears to be similar

. to that of a disubstituted naphthalene. It is also guite similar -to

that for 2-benzylnaphthalene. The structure of 2-benzylnaphthalene is
shown in Table I. The ultraviolet spectrum also appears to be similar

to that of 2-benzylnaphthalene and calculation of extinction coefficient

~ for this compound indicate two or more fused rings. An attempt was

" made to run a NMR spéctrum of this compound but not enough material

‘was available to get a good spectrum,

. Compound II was positively identified as 5,12-dihydronaph-

|
thacene. The melting point of compound II was measured in our labora-
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tory as 205-210°C. The melting point reported in the literature for
5,12-dihydronaphthacene is 206°C, Huffmen Laboratories ran a'cafbon
and a hydrogen determination on compound II and reported: 93.55%
carbon and 6.22% hydrogen. The calculated value for dihydronaph-
thacene 'is 6.08% hydrogen. The moleculay weight by the Rast method
also agrees with that expectéd for dihydronaphthacene. The mos£ con-
clusive evidence, however, comes from,infraredwspectroscopy.‘ The
spectrum for compound II shown in Figure 9 is identical to that res

ported in the literature for 5,12—dihydronaphthacené (8).

The part of the condensate identified as unreacted naphthacene
is identical in appearance, retention time on the chromatograph, and

infrared spectrum to that for the starting material.

Some information was obtained about the natures of compounds
III and IV. Both compounds appear to have approximately the same

molecular weight-as naphthacene. Compound III is yellow and sublimes

~at 2h1-2L42°C without leaving a residue. Its infrared and ultraviolet

spectra are shown in Figures 12 and 14. The curve marked "C" in
Figure 14 is that for compound III. Compound IV is red and sublimes
at 260—270°C,j1e;ving a carbonezceous residue. Its infrared-aﬁd ultra-
violet spectra are shown in Figures 13 and 14. The curve marked !B'.

in Figure 14 is that for compound IV. The column used will not re-

solve either .of these compounds from naphthacene. Accofding to Huff-

A

‘man Laboratories, both of these compounds appear to be esterss
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The method of calculation of the_stbichiometric coefficients
for the gaseous products was mentioned in the previous sectien. The
points which went into the program for integration of ‘gas evolution
rate data in order to get the total amount of the gas wﬁichhhad eeeﬁ
glven off duriné the run came from smoothed data obtained from the-
various runs. The results from ﬁhe different runs were compared in
order to determine_which peints were to be thrown out., From this
smoothed data, gas evolution rates, temperature, and amount ef welght
loss since the beginning of the run was obtained at intervals of one
minute. In order to integrate the gas evolution curves it was assumed

that the curves were linear over the one-minute intervals.

The method which was used to obtain the stoichiometric co-
efficients for the solid products is probably not the best,methoa to
Use, but it was the only one which was capable at &ll of giving any
idea of what the composition of the reaction products was. The first--
major weakness of the method is that it depends on the manual separa-
tion between the 5,12-dihydronaphthacene and the unreacted naphthecene.
The reason that it was.necessary,to make this separation manually is
that naphthacene is so much less soluble than the other components of
the condensate in the 082 usea as solvent fer the work‘done with the
flame detector, that if the solution contained a representative amount
of naphthacene, it would be so dilute in the other components that they

would not shew up at all due to the tailing of the peaks which becomes

very pronounced if the amount of a component in the sample falls below
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a certain value., The result of a poor separation between unreacted

naphthacene and 5,12-dihydronaphthacene may be seen in Table XI. The

sample size in Ex-NA-1l was approximately 25% less than in the other

. runs which resulted in the amount of condensate being much less. When

there was less condensate, it was more difficult to make the separation

accurately and evidently some of the 5,12-dihydronaphthacene was in-
cluded with the unreacted naphthacene, resulfing in a calculated con-
version to 5,12-dihydronaphthacene that was much lower them that found

for other runs., This run was not included in the average values used’

for the stoichiometric coefficients.

Even if it can be assumed that the manual separation was exact,

" there is still some weagkness in the calculation method itself. Since

for a flame ionization detector, peak area is propertional to carbon
number and the products found in the condensate have approximately the
same molecular weight and contain over 90% carbon, it was assumed that.

area fraction was proportional to weight fraction. In order to check

~this aséumption, a known amount of 9,10—dimethylanthracene was added to

a sample of one of the condensétes and run through the chromatograph.
The sample was 4.4k weight percent dimethylanthracene and two samples
run through the chromatograph showéd 3.54% and 4.06% dimethylanthraceﬁe
by area, ‘This agreement is as close as the cértainty with which the

welght of the dimethylanthracene was known, since the sample only con-

" tained 0.2 milligrams of dimethylanthracene,
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The chief problem with using the chromatograph to do quan-
~titative analysis of this type of compound is that they appear.to be
adsorbed quite strongly which results in peak brogdeningianq decreased
resolution. A silanizgd support waé used to try to reduce fhis effect,
but it was still quite pronounceéd. If the samples were diiuted enough
some of the peaks would be-broadened enough so that they aidn't‘show

at all.

A great deal of the time which was spent on this projéct was
spent in trying to find a gas chromatograph column which would be use~
ful for separating polynuclear aromatic hydrocarbons. - The first col-
umn that was tried waé a fifteen-foot, 1/8-inch diameter column packed
' Qitﬁ 20% LiCl on Chromosorb W. This column was recommended in the
literature (9). For the pyrolysis products of naphthacene, howevef,
it did not work very well. The main problem was that unless it was
operated at quite high temperatﬁres, it would adsorb all of the sample,
especially ﬁaphthacene. Vhen it was operated at suffiéiently high tem~-
peratures (greater than 300°C), resolution was not very good, retention
time was still quite ﬁigh‘for naphthacene, and the high temperature was
very hard on equipment. The column that was finally used was 5% SE-30

on 50/60 mesh Anakrom ABS. This column could be operated at lower teh—

.. peratures at lower carrier gas flow rates and still allow all of the

sample to come out:in thirty minutes. The actual operating conditions
" that were used were a column temperature of 242°C, injector temperature

of 330°C and a nitrogen flow rate of 25 cc/min. The same. support and
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operating conditions were used in a ¥%-inch column for preparative -
‘chromatography. It was also found that the detector temperature could

be as low as 200°C without causing flooding of the detector.

-The i/8—inch column used for condensate analysis gave good
resolution for all of the products in the condensate except between
compdunds-IIi, IV, and naphthacene. The 25-foot column did not do any
better at this job_thap did the 15-foot column which was originally
tried. The most interesting thing that was discovered while working
on the chromatography of the condensate is that if naphthacene is added
to the condensate in large quantities, compounds II, IITI, and IV form
one peak. The retention time of compound II is increased and that of

" IIT and IV is decreased. It appears that naphthacene may interact

strongly with these compounds.

By means of the analytical methods which have been discussed,
the stoichiometfic equation shown in Table XII was calculated for the ’

overall reactions of naphthacene to 625°C.

The stoichiometric coefficients shown in this equation were
obtained by taking the arithmetic mean of the results of Runs 7-10.
The-value from Ex-NA-10 was not included in the caiculation of the co-
efficient for ethane. Thelresults from Ex-NA-11 were not included be-
cause the separation between unreacted naphthacene and 5,12-dihydro-
naphthacene was pot'made qof;ectly_and because the smaller sample size

used for this run appeared to cause some of the differences.
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Examination of Teble XI and Figures 3-6 shows that there are
some significant differences in the quantitative information obtained
from the various ruhs. Before these are discussed, it should be
pointed out that the minor differences between the runs iﬁ the loca-
tion of the maxima in gas evolution rates is probably due to variation
in heating rate, since this ﬁas controlled manually. - The same reason
would also expiain the differences in value of evolutioq rate at the
maximum except for the very large difference in the value of the
hydrogen first maximum in Ex-NA-8 as compéred to the values of this
maximum rate in the other runs. A few possible reasons for this will
be mentioned later. For reasons mentioned earlier-in this paper, the
results from Ex-NA-~11 will not be counted. After the stoichiometric
coef}icients\from Run 1l are discounted, there is pretiy good agree-
ment between the other runs in the methene coefficients. Comparison
of the ethane curve f?om Ex-Ni-10 with that of the other runs shows
that ité shape is different from that appearing for the others. This
. difference ih shape céuld be corrected by throwiﬁg out the ethane

evolution rate at 92 minutes for that run. This would result in an

ethane goéfficient more in line with that for other runs.

There is a possible explanation for the large hydrogeﬂ co~-
efficient for Ex-NA-8 and for the unusually large value for thé evolu~
tion rate at fhe maximum.- Table XI shows that for this run, more of .
the néphthacene ended up in the condensate as unfeaéted naphthécene

than in the other runs. The remainder of the condensate was lessithan
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in the other runs, - Since the analysis of the condensate indicates
that the conversion of naphthacene to these compounds requires hydrogen,
it appears that these results are related. A possible explanation
might come from the free radical nature of the reactions which occur
during pyrolysis. The production of hydrogenated compounds depends on
the attack of hydrégen radicals -on naphthacene or on some other com-
pound present in the reaction mixture. It might have been possible
for something to ﬁave Eeen present during this run to cut down on the
reactivity of the other compounds to hydrogenation by addition of a
hyd;ogen radical._ This would make abstraction of hyérogen from com-
pounds present. in the.mixture by the hydrogen radicals more 1ikely7~
Since this would result in more aromatic radicals, a 1a£ger conversion’
..to carbonaceous material might be expected. The amount of carbon-
aceous matter present in the reactor at the end of Ex-NA-8 was greafer
than in the.other runs. There is no real evidence, however, that this
is What happened. 'The preceding discussion is only.é possible explana-

tion for what occurred.

W

Two interrupted runs were made in ordef to help determine when
the compounds -present in the condensate were produced. Fx-NA-12 was
terminated at 4o5°C, shortly after the weight loss started. Ex—NA~lj
was terminated at.450°C, shortly beforé'the end of the weight loss.
The residue ffom each of these runs was put into a Soxhlet extradtion
appardtusf The residue from the first run, which amounted té 89.5% of

|

the original sample, cqﬁtained 63% benzene-soluble material and re-

quired only 24 hours for the benzene around the thimble to become clear.
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The reéidue from EfoA—l2 appeared to contain carbonaceous
material, unreacted naphthacene, and a yellow crystalline substance.
Chromatography of the residue extract showed the presence of all four
peaks labeled in Figure 8. The relative peak areas were similar to
those resulting from chromatography of tﬂe complete runs exceﬁt that
peak IV was relatively smaller than it appeared in the chromatograms
of the complete run condensates. Thé condensate appeared to contain

unreacted naphthacene and a yellow powdery material.

Chromatography of the condensate showed some unidentified lighf
. compounds which only appeared because the saﬁple used was much more
concentratéd than that used for chromatography of the complete rin"
condensates and a large percentagé of coﬁpound IIT. No 5,12—dihydro;

naphthacene appeared to be present.

The residue from Ex-NA-13 was mostly carbonaceous material and
contained some unreacted naphthaéene. Chromatography of the extract
showed thé'prééence of the séme compounds as in the previoﬁs run. The
fraction of compound IT appeared to be less in this run than in the
:previéus.and peak IV w;s more pronounced. The condensate from this run
looked the same as that from the complete runs. Chromatography of the
condensate showed the presence of some compound I, a small amount of
cdmpound 1T, and the remainder was compounds III-and IV. There was

more compound i'presehﬁ than compound II.

The data obtained in this work agree well with information avail-

. . . i
!
able in the literature. The boiling point of dihydronaphthacene py.
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" DTA is given as 420°C (5). The same reference shows that ﬁaphthacene

~has a weak exothermic reaction at 480°C- which is close to the ‘tempera-

tures at_ﬁhich the evolution rates of methane and ethane had maxima.

Dihydronaphthacene did.not show .up in the 405°C condensate but was

present in the 450°C condensate.”

From ‘the déta obtained from the.inferrupted runs; the follovwing

information.about the course of the production of the solid materials

present in the condensate may be concluded:

10

A1l -of the compounds which appear in the condensate
during the complete runs are first formed at some
temperature below 400°C. This evidence indicates
that production of these compounds is continuing . |
in the temperature range of 400-450°C. Most of the
production of compound IV occurs above 405°C,

© Compounds I-IV still make up a significant part

of the residue at 450°C, although most of the
compound I has distilled off by this. time.

These results indicate that since one of the major components

of the residue.that has not.already reacted to form carbonaceous mastter

at 450°C is.dihydronaphthacene, it might be possible for some of the

non-condensable gases which begin to appear in the température range

between the two interrupted runs to be formed by cracking of dihydro-

naphthacene (or of any of the other compounds found in the condensate).”

The presence’ of such a large quantity of oxygenated compounds in

. the products resulting from the pyrolysis of a hydrqcarbon in an inert

atmosphere is quite puzzliﬂg. This has also occurred in pyrolysis

{

.studies appearing in the literature. For example, the gaseous préducts
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of the pyrolysis 6f:naphthacene in a sealed -glass ampoule contain 1.5% -

CO and CO, (6). The presehce of some oxygenated product is not too

2
. surprising since no method.is provided.for purging.the reactor itself-
at the beginning of the run and polynuclear aromatic hydrocarbons form

quinones quite readily. These quinones could undergo further reaction

at high temperatures to form other oxygenated materials.




Conclusions

The purpose of this work was to study the reactions occurring -
during the pyrolysis of naphthacene in order - to help obtain a better
understandiﬁg of how compoﬁnds which form a well-ordered graphite

reacta.

nglitatively, the results obtained from the four complete runs
under discussion here agree with each other quite well., It is probable
that the first peak in. the hydrogén evolution'curve is the result of
the beginning of a period of rapid remoﬁal of hydrogen by reaction to
form hydrégenated products. At the end of the runs, the evolution rate
lof fﬁe hydrogen was increasing as cyc}odehydrogenation reactions form—_
ing graphite~like molecules probably was occurring in the residue,
The methane, ethane, ethylene, propane, and propylene which were given
off were~product5'of-cracking reactions of hydrogenated products formed

earlier in the run.

The weight loss curves appear to be caused simply by distil-
lation of products formed earlier in the run and do not reflect what
is happening in the reactor at the time during which the loss is taking-

place.

Table I shows that there was considerable variation in the
stoichiometric coefficients obtained from the different runs, so the-
ajeragQS"presented elsewhere in this paper should qof be regarded as

exact values.




: _z2-

There is much room for future work to be done on this compoﬁnd.
Since_the.weight loss curves provide little information as to the rate
at which reactions are occurring, more interrupted runs should be made.
At least one run should be made to a temperature below 357°C, the meli-
ing point of naphthaceneg in order to see whether reactions forming new

products occur-in the solid phase.

Some hydrogen evolution is evident at these lower temperatures
but it could be due to small amounts of residue from previous runs
which were not completely cleéned out. It would also be desirable to
make a series of interrﬁpted runs with K & K naphthacene and obtain
"stoichiometric coefficients for a number of intermediate temperatures.,
" More runs should also be made to completion in order to obtain more..

valid values for the stoichlometric coefficients.

In order to get more information about the ‘oxygenated compounds
which were produced, some runs should be made in which a nitrogen purge
is provided directly to the interior of the reactor prior to making

the run. This would help to show the source of the oxygen.




Appendix




w Tl

his W

Table I. Compounds Involved in this

Compound

Naphthacene

5,12-dihydronaphthacene

2-benzyl naphthalene

9,9'-bianthryl

1,2:11,12-dibenzoperylene
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Table II. Points in Calibration Curves.

- Hydrogen : Methane : - - Ethane

Peak Ht. Moles/Min . Peak Ht. Moles/Min Péak Ht. Moles/Min
times 107 ' times 10" times 10"
435 .00488 107 .00492 © 53.2 | .00497
1320 0194 - 25l .0196 149.0 .0197
2667 .0391 692 .039%  283.0  .0koo

L2132 .0780 ' 1063 .0788 43,0 .0801
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Table III.

DATA REDUCTION PROGRAM
DIMENSTION HHT (125)s HRT
Lo mC2HT(1EZ5LS [C2RT (142 57
READ 1s HCAL sCCAL sC2CAL sPRESS s NUM
THESE ARE FROM CALIBRATION DONE GCON DAY OF RURN
NUM IS RUN NUMBER NOW READ CALIBRATION CURVE
DOV2 - l=1wl22
2 READ 3y RHHEILT )
BT 1S PEAK HEIGHT RT
3 EORMAT (6F10.e0)
I L EORMATE G, D e 1723
MAKE CALIBRATION CURVE CORRECTIONS
CALTBRATION "CURME CORRECTION 'S FROM THE L
CALL TERPOIL (CHRTBsHHT «HRTsHCAL 9122 )
CORVAL ¢ 218%PRESS/623 ¢4

(125) s CH4HT(125)

HRT(I)
[S MOLES/MIN*10%%4

OW

HFACT = CORVAL/CHRT :

CALL TERPOL(CCH%RT oCHA4HT s CH4RT 9CCAL 9122 )
CORVAL = ¢220%PR_55/6234

CFACT = CORVAL/CCH4ART

CALL TERPOLEC2HO6RT s C2HT9C2RTC2CAL»122)
CORVAL = 4221%PRESS/62344 -
C2FACT = CORVAL/C2HGRT

(continued)

) 4

€

Program to Read Calibration Curves.

CH4RT (125)

IS METHANE C2 ETHANE

CHGHT(I) s CHA4RT (1) sC2HT (1) 9C2RT (1)

ML LOOP

_9€;




Table III (continued)

PRINT 65 NUM
6 FORMAT (1H o 20Xs6HEX=NA=s 12/7)
PRINT 79 HFACTsCFACTsC2FACT
7 FORMAT(1H » 18HCORRECTION FACTORS 95X92HH29sF10e392X93HCHGsF10e3
12Xs 4HC2H65F10e377)
PRINT 8
8 FORMAT (1H s8HTIMESsMIN 92Xs9HT 9DEGe Ce 91Xs7HH2 RATE 93X,
1 8HCH4 RATE +2Xs9HC2H6 RATE )
PRINT 9
9 FORMAT (1H +23X924HMOLES/MINUTE TIMES 10%%4//)
C TAKE EXPERIMENTAL DATA :
DO 50 I=1,60
READ 34 TIMESTEMP s HPKHT 9C1PKHT 9 C2PKHT s GASRT
CALL TERPOL (HRATE HHT ¢HRT oHPKHT 9122)
CALL TERPOL (ClRATEsCH&4HT sCHA4RT 9C1PKHT 9122)
CALL TERPOL(C2RATE sC2HT sC2RT 9C2PKHT$122)
RTFACT =60e/GASRT

-ég-

g GASRIT. &6 SECA65CE
HRATE = HRATE*HFACT*RTFACT

Cl1RATE = CIRATE*CFACT*RTFACT

CZRATRE "= - C2RATERCZ EACT R T FAGET
. PUNCH 51sTIMEsTEMPYyHRATE sC1RATE+C2RATE
5J PRINT 51y TIMESTEMPsHRATEsC1RATEyC2RATE
51 FORMAT (1H »5F10e4 )}

E AT SEX-T ]

END

This program is Fortran II written for the IBM 1620.




Table IV. Interpolation Subroutine.

TABLE INTERPGLATION PROGRAM
SUBROUTINE TERPOL (AsB89sCsDs 1)
DIMENSION B(125),C(125)
[F(D-B(1))18+19+19
15 IF(D=-B(1)) 20+33,21
20 IF(D=-B(2)126+27527
26 N=2
GO TO 23
41 IF(N=I+1) 23+29,29
29 N=N-1
60 'TO 23
27 N=0
22 N=N+1
IF(D-B(N+1))41+25922
23 A= C(N—l)*(d—ﬁ(N))*(D—B(h+l))*(D—U(NvZ))/((d(N~l)*d(N))*(B(H—l)-b(
IN#1))¥{BIN-1)-B(N+2))) + C(N)*(D—B(h-l))*(D-B(H+l))*(D—B(N+2))/((
ZB(N)—B(N—l))*(B(N)-B(N+1))*(S(N)—B(N+2)))+ CIN+1)%¥(D=B(N=-1))*(D-BI
3N))*(D—B(N+2))/((B(N+l)—5(N-l))*(B(N+l)—d(N))*(B(N+l)—B(N+2)))
A=A+C(N+2)*(D—R(N~l))*(D-B(N))*(D—B(N+1))/((B(N+2)—B(N‘l))*(B(N+2
1)=-B(N))*(B(N+2)=B(N+1)))

(continued)

_gg-




23

18

RETURN

A=G 1)
PRINT 54D
FORMAT (4 5H
RETURN
A=)
PRINT 64D
FORMAT ( 45H
RETURN
A=C(N+1)
RETURN

A=C (")
RETURN

END

This program

Table IV (continued)

ERROR IN TERPOL sARGUMENT

ERROR IN TERPOL s ARGUMENT

is Fortran II written for the

TOO SMALL FOR TABLEsElZ2.6)

TCO LARGE FOR TABLEsElZ2e6

IBM 1620.
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Table V. Program for Integration of Gas:Evolution Data.

C PROGRAM FOR GAS EVOLUTION INTEGRATIGHN AND NORMALIZATION

: CeSlk

&

48

49

READ 1y NUMsSLWT

SUMH =0e

SUMC1=0.

SUMC2=0. ‘
HRTO=OQ

CIRTO=0.

C2RT0=0.

PRINT &4 4NUM

PUNCH 64y NUM

CARDS = 0.

DO 50 I=1,500

READ 29 TIMESTEMPIWTUNSHRT sC1RT sC2RT
RWT =SLWT=eUllC5%WTUN
SLH = HRT/SLWT

SLC1 =CIRT/SLWT
SLC2=C2RT/SLWT

RH = HRT/RWT
RC1=CIRT/RWT
RC2=C2RT/RWT
WTLFR=¢D1105%WTUN/SLWT

IS RATE NORMALIZATION BASED ON SAMPLE SIZEsR IS BASED ON REACTANT

PRESENT AT THE TIME

SUMH = SUMH+(HRTO+HRT) /2.
SuMCl= SUMC1 +(ClRTO+C1RT)/2.
SUMC2 = 'SUMC2+(C2RTO+C2RT )72
SSUMH = SUMH/SLWT

SSUMC1 =SUMC1/SLWT
SSUMC2=SUMC2/SLWT

[F(TIME) 48943949

PRINT 8,CARDS

GO TG 50

PUNCH 79 TIMES TEMPsWTLFRsSLHsSLC1 9SLC2 s SSUMH SSUMCT 9 SSUMC2

—O’.,-.
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6
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Table V (continued)

PRINT 39TIMESsTEMPIRWT sWTLFRsSLHoRH»SUMH s SSUMHeSLC19RC1sSUMCI »
1S5SUMC1 9SLC2 9RC29SUMC24SSUMC2

PRINT 5

CARDS = CARDS + 1.

HRTO=HRT

Cl1RTO=C1RT

C2RTO=C2RT

FORMAT (I2+F8e0)

FORMAT (6F1040)

FORMAT (1H +2F5e0914F944)

FORMAT (1H 960Xs6HEX-NA=9I2917H COMPLETE RESULTS5//)

FORMAT(5H TIMEs6H TEMP 93Xe3HRWT s 7Xs5HWTLFR 96X e 3HSLH TX921iRrie5Xs
14HSUMH 94 X 9 SHSSUMH » 5X94HSLCL 96X 931HRCL 94X 9 5HSUMC1 93X 961iSSUMCI 95X »
24HSLC2 96X 93HRC2 94X 95HSUMCZ 93X 6HSSUMC2) /

FORMAT (34Xs6HEX=NA=412)

—'[h—

FORMAT (2F6e097F9e4) |
FORMAT (1H s10OHTHERE ARE sF440934H PUNCHED CARDS FOR PLOTTER PROGR
1AM )
CARD WITH ZEROES IS REQUIRED AT END TO PRINT CARD COUNT
CALL EXIT g
END
L] O. O. O. \). O.

This program is Fortran II written for ‘the IBM 1620.
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PROGRAM TO MAKE Pi

NUM
NUMB

1

10
2z

Table VI. Program to Graph Tables VII-X.

LOTS
DIMENSION TIME(200) s TEMP(200) sWTLFR(200) ¢SLHI200) sSLC1(200)
DIMENSION SLC2(200)
READ 1sTIMAXsTIMINSNUM sNUMB
IS NUMBER OF DATA CARDS TO BE PLOTTEDsTIMIN=TIMAX=-200
IS RUN NUMBER
FORMAT (2FlU0e09215)
DO 10 I=14NUM

READ 29 TIME(I)SsTEMP(I) sWTLFR(OI) oSLH(I) 9SLCLI(T)sSLC2(I)
WTLFRITI) = —le% WTLFR(I)

FORMAT (2F6e0y 4FYaet&)

TPMIN =-300,

TPMAX = 700

WMIN = =1,

WMAX = O

GASMIN = Q.
GASMAX - .\JS

TIMED = 20
TEMPD = 100,
WTLR = od
GASD = 005
XL = 445

YL =7

PUNCH 9oiNUMB o TIMIN, TIMAX
FORMAT ( 6HEX=NA=9 I3 9 6HTIMIN=9F7e¢0s6HT IMAX=9F740)
PLOT TEMPERATURE

(continued)




Table VI (continued)

CALL PLOT(101sTIMINSTIMAXsXLaTIMEDsTPMINSTPMAX YL sTEMPD)
DO 3 I=1,nNUM

CALL: PLOT (GsTIME(I)sTEMPLI))

CALL PLOT(90sTIMINSTPMIN)

PLOT WEIGHT LOSS FRACTION

CALL PLOTU(2D1sTIMINSTIMAX s XL o TIMED oWMINsWMAXsYLIWTLD)

DO 4 I=1sNUM

CALL PLOT(9sTIME(I) sWTLFR(I))

CALL PLOT (90 +TIMINsWMIN)

PLOT HYDROGENsMETHANE s ETHANE

CALL PLOT( 201 sTIMINeTIMAXsXLoTIMEDIGASMINIGASMAXsYLsGASD)

DO 6 [=1sNUM

CALL-PLOT g9 T IMEGT e S i)
DO 7 I=1,NUM

CALL TRPLEOT (9 o FIME IS SEC T T))
DO 8 I=1,NUM

CALL PLOT (9w TIMEGIN 5SIE@2 (1 )i)
CALL PLOT (90sTIMINsGASMIN)
CAIEPLOREDS )

CALL EXIT

END

This program is Fortran II written for the IBM 1620.

_g *7_




" Table VII

EX-NA=- 7
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-
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TIME TEMP WTLFR SLH S SSUMH SSUMC1 SSUMC2

MIN DEG € GM/GM SPLE MOLES/MIN GM SPLE®*10%%4 TOTAL MCLES/GM SPLE*]0*#*4
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Table VII LCEX-NA- 7 (continued)
TIME TCMP WTLFR SLH SieC 3 SLC2 SSUMH SSUMEL SSUMC?2

MIN. DEG € BGM/GMSRLE MBEBSZM TN GM- 5 PL E] Gty TOTAL MOLES/AGHS PlETO* %4

1625 420, 2 1,8 10 s S0 Slalakais 25 g inlaa « 2379 s D1 NeNNNND
8 (s T W21 e SIS s FROION G «0.0803 NeNONO D& AT «0N16 NeNNON
TG L272, < 23973 SO0 o 00N 4G 000290 20520 «0020 000090
1655 L2024, e 2534 o. 1O s NODY 0« 3080 527 eD025 NeNONO
166, 426, «2836 Paolilenl «0004 N-e Q000 0724 «0029 Ne0000
F 67 420 BT 0T «0095 «0005 G0N0 « 0823 e 0035 00000
168, fsd e 23339 s 009U «0006 D0«N00ND « 0916 «NN4LD 07000
169 33 o326 D086 «N006 Na00NN «1D05 0047 NeNNOD
1 %0 b B e 2741 » 0083 - OGS 00009 e 1090 P o7 A 00000
TR s 438 509 b « 0078 «0008 DeNNOQ o 1371 «2N63 «0001
1725 Ll e G483 e 095 «D009 s DO «1248 Q072 «NNO2
o Hinty, 4234 e 0 «D011 s OB s 1 A2l «9083 « 2005
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180, 4636 a0 « 0051 « 0025 «0006 « 1748 e 024G 1" ) « 0046
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188 473 e 5380 « 0040 0029 « D007 «2120 e 2465 «D103
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Table VII EX-NA- 7 (continued)
TIME TEMP WTLFR SEH SLET SO SSUMH 55UMC1 SSuUMC?2

Ml DEG C GM/GM SPLE MOLES/MIN GM SPLLE*10%%*4 TOTAL MOLES/GM SPLE#]10%%4
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