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Abstract:

The pyrolysis reaction of 2-naphthyl disulfide heated at three different rates, 1.40,. 2.32, 2.50 °C/min.
up to 640°C, was studied hy using a thermogravimetric. analysis unit. This unit was capable of
indicating temperature, weight loss, and amounts, of gaseous products produced as a function of time.
The study showed that hydrogen, methane ethane, hydrogen sulfide and a trace of carbon dioxide were
liberated during the reaction. Also, naphthalene, and 2-naphthalenethiol were identified as products of
reaction. The structure of other condensable products was discussed but not identified.

A complete stoichiometric expression for the pyrolysis reaction with a heating rate of 1.40°C/min. is
obtained. The stoichiometric coefficients of hydrogen, methane, hydrogen sulfide increase with
decreased heating rate.

The weight loss curve follows the same pattern as the major evolution peaks of noncondensable gases,
in other words, the weight loss rate becomes faster when the evolution of gases reaches its maximum.

Carbonaceous residues with various sulfur content are found to remain in the reactor after the
pyrolysis, reaction. The percentage of sulfur in the residue decreases with decreased heating rate.
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ABRSTRACT

The pyrolysis reaction of 2-naphthyl disulfide heated .at three
different rates, 1.40,.2.32, 2.50 °C/min. up to 6L40°C, was studied hy
using a thermogravimetric. analysis unit. This unit was capable of
indicating temperature, weight loss. and awmounts. of gaseous products
produced as a function of time. The study showed that hydrogen, methane,
ethane, hydrogen sulfide and a trace of carbon dioxide. were liberated
during the reaction. Also, naphthalene. and 2-naphthalenethiol were -
identified as products of reaction. The structure of other condensable
products was discussed but not identified.

A complete stoichiometric expression for the pyrolysis reaction
with a heating rate of 1.40°C/min. is obtained. The stoichiometric
. coefficients of hydrogen, methane, hydrogen sulfide increase with
decreased heating rate.

The Weighf“lOSS'curve follows the. same pattern as the major
evolution peaks of noncondensable gases, in other words, the weight loss
rate becomes faster when the evolution of gases reaches its maximum.

Carbonaceous residues with various sulfur content are found to
remain in the reactor after the pyrplysis. reaction. The percentage of
sulfur in the residue decréases with decreased heating rate.




I. INTRODUCTION

There are several ways to convert heafy petroleum fractions into
lighter more valuable ones, namely, hydrocracking, catalytic crécking,
and thermal cracking. Among these, thermal cracking yields the largest

percentage of fuel oil with a smaller percentage of gasoline.

In the Uhitéd States, gasoliné represénts forty-seven percent of
the total output from crude processing.9 But, in othér "countriés, the
gasoline demana is less importaﬁt. In Europé, thé need for fuel éils and
distillgtés is grqwing fastér than that of éasbliné.g It is-poinfed out
" that in Western Europe gésoline accounts for twenty percent of the output;9
Due to more demana for gasoliné, thermal cracking is being reﬁlacéd 5y
batalytic cracking in thé_United States. But,-the charge capééity of
1.3 million bped for thermal cracking9 still makes it worthﬁhilé ta

investigate thé process.

By thermél cracking., gas, gaéoliné, fuel 0il and coke are formed.
The ratio of these products depends on feed compésition and tﬁe conditions
being used. Sinée the feed is essentia}ly heavy residual of a petroleum
refinery, thé sulfur conteﬁt is rather high.A As a consequence, the sulfur.
content in the.p?oducté is rather high too. Sulfur? because it is presen£
in various forms in the products, causes the probiems of air pollution,
corrosion of equipment and contamination of products. For example, if
the coke were used in a furnace, most of the sulfur in it would be

converted into sulfur dioxide which would appear in the stack gases and
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cause alr pollution problems. Besides, the sulfur may be converted to
sulfuric acid ‘in the:presence of moisture and. this leads to corrosion of

8

the alr preheater, ducting and stack?,

In order to minimize the sulfur content in the prodUcfé of thermal
ecracking, basic studies about the way sulfur is present in feed stoék,..

undergoes reaction, and is distributed in various products are necessary.

It_is-tfﬁe that both the proéess and equipment could be imprqved
if more information was known about the me;hanism and kinetics of the
reaction. Therefore; the‘purpoée of this work is to trace the sulfur of
" certain compounds éimilar to tﬁose:fo;nd inlfeea stocks of the‘thermal
cfacking procesé.‘There is some reason o beliéve that héavy ﬁolynﬁcieaf
and heterocyclic_éromatics make:up part af the feéd stock:.'l2 2-Naphthyl
disulfide was selected for thisjstu@y because it is a polynuclear aromatic
compound and. decomposes under heating iﬁstead of bolling away as many

compounds do.

Throughouﬁ the étudy of pyfolysis of this compound., fhe.products
condensable én a water cooled surface, the.noncondénsables,fand the
carbonaceous residue remaining in the reactor were analyzed and identified.
By doing this and combining the'p?évious information, it might be possib}g
fo suégest some methods to‘imérove the'thermal cracking pfécess: Also,
it will give some basic knowledge in the area of how orgagic sulfuf.écts

in pure thermal treatment.




II. EQUIPMENT AND ANALYTICAL PROCEDURES

In order to iﬁVestigate the pyrolysis reaction of 2-naphthyl
disulfide, it is evident that the equip.ment’sﬁould be able to detect what
compounds have been formed in the reactor at certain temperatures and the
rate of formétion. The apparatus used to meet this purpose was built'in
thé Debartment of Chemical.Engineering?s‘lgﬂl} Some modifications. have
been made since then. This equipmenﬁ cbﬁsists of a thermogravimetric.
analyéis unit (TGA), a gas chromatograph, and otherfinstrument; which
were used to analyze and ideﬁtify.thg products. |

A. Thermogravimetric Analysis Unit

A sketch of ﬁhe equipment is shown in Figﬁre 1. It shéws;the
modifications méde to a Leeds and Northrupltemperature récordér in order
to.maké an~aut9matic recording.balance useful for tracing the p&rolysis
reaction.? The bélancing chain_was.calibraﬁed to gét an.exéct céfrection
factor. It was found that for a weight ch@nge of 0.011 grams the'pen' '
wouldvgivg a:movement on the recording chart of one‘smallest division.

p

Tests were made whicﬁ proved that changing sweep gés flow réte_and
témperature had essgntially no effect on the accuracy 6f this balance.

' Right below the balance is the reaction chamber. They are
separated by a water cooled,platé. ‘The réaction chamber, (Figure 2),
refers to the chamber containing the internal preheater, reactor”heater,
reactor, condenser and other connécting tubing.and suppdrting stands. |

For each run, a nitrogen inert gas atmosphere was maintained around the-.

reaction chamber to minimize the effect of oxygen on the reaction.
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In the early runs which were made on 2-naphthyl disulfide, there
were some heavy condensatésicaﬁdensed on'the thefmowéll and‘the telescope
of the reactor. This gave inaccurate déta én ﬁéight loss during the run.
That pfoblem was éolvéd.by using another external‘preheater and a cép

wrapped with a resistance heater, so the temperature of the gases leaving

the reactor is too high to condense before entering the condenser.

During each run, the reactor was adjusted so that it was suspeﬁded
freely below one arm of the automatic balance.- It should be tightened by
nuts otherwise its thermowell might contact the wall of the diffusion

hole of the reactor cép. In case this happéned; the weight loss data

" would not be.reliable. _ ' ' }

By maintaining a.constant‘suctién.raté on thé liné leading-from
the éoﬁdenser, ﬁhé volatile.gaséé formed during réaction in the reactor
a;é pulléd.through thé ﬁatér_cooléd condénser to trap the\high.boiling
point-prédﬂctss fhen throqg@.a g;ass wool filter tb stop solid partidles,
and a £ﬁbe'6f driérité to rémoyé wétér vapor that ﬁight bé present in thé

gas stream. “The noncondensable gases were pulled through an on-stream

. gas chromaﬁogyaph to anélyze then .

The reactor heatér iq:the reéctioﬁ chémbér can héat the_réactor
from ambien%ytémpératuré up.to TOO?C.- Thé coﬁbinationigf the préheaters
inéidé and outside thé réaétion chamber is abléhté raise the sweep g;é
entgriné the reactor.héater to a maximum témperatur; 6f 270°C. The

temperature in the reactor is obtained by a temperature recorder in
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conjunction with a thermocouple in the thermowell of the reactor. The
temperature of the sweep gas also can be read out on tﬂe-same temperature
recorder by switching the cénnéction to a thermocouple in the outlet of

sweep gas.

B. Gas Chromatograph

The . gas chromatqgraﬁh used to analyze non;condénsable gas
-contains a thefmocondﬁctivity'detector and a one—fourfh inch diameterl
column packeﬁ with Porapak Q (lOQ—lQOImésh). A six and one-half foot
length aluminum tubing_was used to-build thé'column in order to reduce
‘corrosion problems caused by sulfur compouhds. Nitrogen was used as.the
carrier'gas at 65 c.c./min. The‘column temperature for each run was

119.5°C.

A two-way, solendid operated sampling valve allows the sample
size of each injection to be exactly equal fo the sample loop size being
used. In the early runs, injection of each sample was manually controlied.
In order to maké the runs more repréduceable ana less tedious, a timer was
installed to allow automatic sample injécfiqn evéry five minutes. -The on
.or off period of the timer is adjustable from 2% to 98% of wholé time
cycle. The ﬁhole on-off time cycle also could be adjusted by changing

gear and rack assemblies.

An Aerograph 200 gas chromatograph was used to analyze thé.
condensate extracted from the condenser. The column usedlwas a fifteen

foot, one¥quarter inch aluminum column packed with 5% Se-30 on Anakrom
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50/60 ABS. The'récommendéd.maximﬁm temperature for this column is 375°C.
By insérting a smgll glass tubé into thé'éxit-of thé.colﬁmn? samplés can
be coliec£ed in highér dégréé of purity than répéatéd récrysﬁallization
or sublimation and with léss éffortlio Thésé samples'wefe'saved for

identification purposes.

C. Infrared and Ultraviolet Spectroscopy

The infrared spectra of theée unknown samples collected from

- the preparative gas chromatograph were used to identify and determine the

féatures of these samples. Thé Béckman TR-4 Inffaréd Spectrophotometer

was used to get thé spéctra and thé_range of scanning is from fifteen
microns to tﬁo microns. Sincé potassium bromi@e does not absgrb inffared
light in the region of 2.5 to 15 micréns6, complete spect;a of unknown
samples were obtained by using potassium b?omidé "pellet". The pellets
were made by gfinding potassium broﬁide and the saﬁples together and pfess—
ing in a:die undér high pressure. In order to get a goéd.spectrum, the
optimuﬁ amount of each sample in the pellet was found by trying severaiv
different ratios of sample to potaésium'bromide. The typical condition

for each runlin IR—h.spectrophotometer was double Béamiwith air reférence

and 0.5 mm. pellet thickness.

For the convenience.of comparing unknown spectrum Witthtahdard:
spectrum, polystyrene's characteristic peak at 1600.1 em. "t was located
for each‘spectrum as a calibration point.' In identification and spectra

interpfetation of unknown samples, the Sadtler's Standard IR Spectra and
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a correlafibn chart of infraréd grouﬁ frgquencies distributéd by Dow.
Chemical Company wére uséd. I% has béén found that dué to’thé'différénce
in scales bétwéen standard and unknown spéétra, it is nécéssary to be

careful in making comparisons:

D. 'ASTM Quaffszdbéprparatus

Thé sulfur conténﬁ in thé residué was détérmined by the ASTM
Qﬁartz-Tgbe Method. Thé sulfur in the résidué was burnéd'in a porcélain
boat into sulfur~dioxidé and absorbed Ey ;.5% hydrogéﬁ peroxidé to .
become sulfuric acid. _Thé contént of sulfur was thén detérmined by
titration witﬁ sodium hydroxidé. Thé dét?iiéd opérating prdcedpre is

3

available in the literature.

E.  Source gi_Matéfial

'The materials tested tp determipe théir percent weight loss
after-pyréiysis were puréhaééa from.Eastman Organic Chémiéals, X&X
Chemicals émq‘Alarich Ch;migals (Table T). They are listed to be 95-99%
pure_and wefe uséd'in thélcbhaitign récéived. |

.o

-

- The stgndafd gdslwhibh was used to draw the calibration
curve of'peak”height vs. number of moles was obtained from Matheson
Company. It contained‘5.06% méthgne,'h.6% hydrogen, 5.67% ethane,

7.48% hydrogen sulfide and T7.19% nitrogen.

The naphthalene used to identify one of the samples in the

condensate is available in our laboratory. 2-Naphthalene-thiol whiqh
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was used to identify another unknown sample in the condensate was purchased

from X & K Chemicals.

F. Analytical ‘Procédure

A détailéd cperating procéduré of thé TGA unit is presented
elsewheré.lg Thé précéduré uséd in this work was ésséntially the same,
However, minor modificabions Wéré madé. Tirst, the usinglof a timer
allowed;automatic injéction of gas samples into the chromatograph every
" five minutés. It was so connectéd ta the circuit thét manual push button
on~off ‘control could bé'uséd if the timér was shut off. By this device,
the reliability of gas évolution dats ‘and the féasibiiity of each run was
" improved. Secénd,-a water filled mapomefer épen to the atmosphere was
attached to'the suction jar.‘ This4pefmi£s a quick check of plugging
proﬁlems. If'théré ﬁere no plugging problems, the preséure difference
between the suction s%ream and the aﬁmosphére should begless:than oné inch

of water.

Thelbperating procedure can be stated simply as follows:
¥, Take a.sample size of about 1 gram.
L 11 12

2. Adsemble the TGA Unit as stated previously.

3. Turn oﬁ,héatéfé ana adﬁust the Variacs in order. to
maintain a-linear tempe;ature increasing raté_in.the reactor. The sweép
gas pumping réte for eaéh rﬁn is kept at 65.q.c./min. |

4. TFor the gas chromatograph, ﬁhe carrier gas is maintained

=0~

at 65 c.c./min. and the column temperature is kept at 119.5°C.




‘noncohdensable gas components. A typical gas chromatogram is shown in

.to.peaks-l, 2, L, and 5 respectively, are idéntified By comparing their

-9
5. Watch the gas chromatogram apd adjust tﬁe attenuation so
that £he peak height does not ‘go out.of the 1limit of the chart fof each
different gas.
6. Shut-off after the desired tempe?ature is reached.’
T. Let the equipment cool down to room temperature
After a run was que, thé condénsaie.and_the carfonaceous

residue could be analyzed individually.

-During the run the chromatograph continually analyzed the

Figure 3. Hydrogen., methane, ethane, hydrogen sulfide that corresponds
retention times with known compounds. Carbon dioxide that' corresponds
to peak 3 is identified by comparing the relative position of methane;
carbon dioxide and ethane of a known gas chrématogram.l ? A supporting
evidence is that peak 3 did not show up on the gas chromatogram of

Aerograph-660 gas chromatograph équipped Wifh a flame ionization detector.

'Epr-qqantitgﬁive analysis of non-condensable gases,
calibfafion ﬁas ﬁgae b;iuSiéé tﬁe.knoﬁn concentration standard gas
purchasea fréﬁ Matﬁeson Company. The purpose of this work was to obtain
a calibration curve of peak héights vs..moles of_ggs; Whigh %aé calculated
by a computér program‘(Téble'II). By the assump@ibn-that the ideal gas

law is valid, the number of moles for each gas at a cerﬁain‘average peak

height was then calculated by the same program. For each gas a curve
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fit program from Paul E. Simacek, a former graduate student here, was

used.

For hydrogen, methane, eﬁhaﬁe,a polynomial of degree four
was used to fit the points. For hydrogen sulfide, a‘poiynomial of degree’
three was used to fit the lower part and a polynomial of‘degree two was
used to fiﬁ the upper part.. By calling‘the.PLOT subroutine‘ip the IBM
1620 computer, the calibration curves were drawn by an IBM 1627 plotter
(Figure 4, 5, 6, 7). A sample progrém fof methane is shown in Table ITIT.
The good agreement between the experimental”data and the - curve drawn caﬁ

be seen from these Figures.

The calculation of the gas evolution rate at any instant
cou}d be obtained by mﬁltiplying pﬁmping réte with coﬁcentration at that
time. The concentration af.any time was calculated by convertigg peak |
height to number of moles and dividing it by samp}e_loop sizé. Since the
pumping rate was set at 65 c.c./min.,-a_prqgram written in FQRTRAN IT
was used to cglculate the gas evolution raté (Table III). The total
number of moles of each ggs'prodﬁcéd in a reaction was determined by
-measuring the area under the curve of moles'per minute per gram of

starting material vs. minutes with a planimeter and multiplying it by the

weight in grams of starting material.

The condensate was -extracted out by chloroform from the =
condenser. The condensate was then collected and weighed. After trying

different columns, a Se-30 column was selected for separating the
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different compounds in the condensate. In the early analysis of the
condensate, the column temperature was set at 200°¢ and only two peaks k
were shown on the gas chromatogram. By raising the coluﬁn femperature;
more peaks began to appear. Finall&, a column %empéraﬁure of 3OOOC Was:
used and there were nine major peaks with the fifst peak consisting of
solvent ana the most volatile copstituént ih.tﬁe condensate. That sug-
. gested a column temperature programmed from ZOOOC to BOOOC and then held
congfant at SOOOC might give the best resolution of the ning materials
: preéent in the coﬁdensate. .Figure‘8lshowsfa sketch of a typical gas
chromatogram under a programming rate_of lObC/min. In Figure 8, with
© the first péak being solvent, the other peaks were numbered ffom 1 to 9
‘from left to right. The nine samples were then collected. by @%éparative
chroma%ograph& for identification purposes. |

There are two methods forldetermining the‘stoichiometric coeffici~
ents of condensate. One 1s to approximate the amount‘of eachbsample-
present by evaluation of the gas chromatogram area. The othe? is to in-
ject a definite amount of condensatg and collect all samples by a pre-
parative chromatogréph. The exact weight of éach saméle determines its’

stoichiometric coefficient, respectively.
&

“The residue is  essentially coke. Several salfur analyses were
made on resiaues either by the Quartz-Tube Method or by Huffman Labora-
tories, Wheatridge, Colorado. Hydrogen and carbon analysis for Samples

7, 8, and 9 were also carried out by Huffman ﬂaboratOries. From these
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data, an experlmental formula can be calculated for these samples

Also, the molecular weights of Samples 7, 8, and 9 were determined by

Huffman Laboratories.




ITI.” RESULTS AND DISCUSSION

Preliminary Study

fhe catalogs of K & K Chemicals, Eastman Organic Chemicals, and
Aldrich Chemicals were searched thoroughly and all éolynuclear and.
heterocyclic sulfur compéunds were taken down for initial study of their

possibilities as materials for thorough investigation. To avoid pos-

sible complications in further analysis, the compounds selected contained

~only sulfur in addition to carbon and hydrogen.

+

. o . {
Ten compounds were purchased and each was heated at a linearly

increasing tem@erature'rate. The fir;t thing that had to be established
: Waslwhether each compound décomposed or just boiled-aweay. This is easy
to'aSCertain because if a compound is boiled away, the weight loss

curve will show a qﬁick change of reacfor weight. for each compound the
data on percentage Weight ldsS’and final temperature were recorded and
remarks about the reaction were also taken down. Table T showé the

results of initial studies on these compounds.

Table I indicates that all compounds except 2-naphthyl disulfide
essentially boil away before the temperature is high enough to cause
any thermal decomposition reaction. 2-Haphthyl disulfide was selected
for further study mainly because it is a polynuclear cpmpoundvénd de-
COmposes'slowly‘during pyrolysis reaction. A literature search was
carried out in the hope of finding some information -about therﬁ;l de-

composition of t?is'comPOund, but none was found.

-

o
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Twelve runs were made on the pyrélysis of 2-nagphthyl. disulfide.
Table V gives the heating rate, finai welght loss percentage, final
temperature, and some general information. In theiéarly runs there

was -no way to detect whether:the product removal lihe was beiﬁg plugged

or not. After Ex-V was made, a quick check of the plugging problem was .

allowédlby leading out a manometer tube from the suction line. By this

device it was found that Ex-V was made while the sampling valve was

plugged. There was suspicion that Runs One to Four alsd‘had the éame"‘

trouble and the data from these runs should not be used in- quantitative

analysis.

From Table V, it is obvious that the weight loss percehtage

varies from run to run. A possible explanation is that the heating

rates are different from run to run and that differences-in heating

rates .caused the difference.in weight loss. There was essentially no
. : O . .

. weight change in the reactor after 600 ¢ and the final temperature did

not have much effect on weight loss if it whs over 600°C.

Tt should also be pointed.out that. Runs Ex-VII, -X, and -XI

o

have ﬁoré,reliable'datd 6ﬁ gas evolution rate and are being used for

. both qualifativé and’ quantitative analysis of the reaction. . However,
" the rest of.thé runs still ﬁrovide.information qﬁ,Qualitative analysis.

Gasecous Préducts

The gaseous products of‘pyrolysis of 2-naphthyl disulfide are -

hydrogen, methane, éthang, hydrogen sulfide, and 2 trace of carbon di-

4
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.oxide. These gases were identified by comparing their retention times

with sfandard.

Tables VI through VIII show the evolution rates of these gases
in Runs Ex-VIII, -X, and XI. Figures 9 and 10 are plotted according to
data from Run Ex-X. They show the rate of evolution of hydrogen, methane,

ethane, and hydrogen sulfide as the pyrolysis reaction proceeds.

. Although the heating rates of Runs Ex-VIII, -X, and XI were
different, they still sﬁow sim;lar'trends of gas évolutibn. Hydrogen
and hydrogen sulfide start to liberate from the reactor at approximately
32500.. Hydrogen evolution rate increaées slowly'from'32500 and in-
+creases sharply when the'tempéfatgre apﬁrdaches 58500 (Figure 9). After
58500, it decfeases répidly and beginé‘to increase after 6OOOC is. reach-
ed (Figure'9). For hydfogen sulfide liberation, three peaks wefe shown

at températures close to 37OOC, hESOC,‘éﬁd 5250C with_the same de-

‘creasing order of peak height (Figure 10).

s

The,evolution 9f methane starts at 527OC and its rate reaches
maximirn éf?585bC.I'Aft§rJ§OOOC, the evolution rate of methane increasés
Just as.ddes'fhé“ﬁydrégen evolution rate. Forlethane, it starts to
liberafe at apﬁroximétely 5650C and reaches its maximum at 58000. ‘The
total amount of evolﬁtioﬁ.of ethane.for esch run is. the smallest com-
pared to tﬁe other géses: Carbon dipxide:was also found in prévious

research work.ll
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Since hydrogen and methane still come out in large amounfs after
6OOOC, it is convenient to compare the results of each run at an iden-~
“tical assumed finai temperature. Table IX was so constructed that all
thrée runs have the same final temperature of 612°c. From Table IX, the
coefficients of hyd%ogen, methane, and'hydfogen sulfide of Run Ex-XI are
1a£ger tﬁan the other two.runs. That is possibly because the gaseous
products have a much better chance of feing éumped out in a -slower
heaﬁing réte. Sincéﬁsulfur is the main’interest, this also suggests
that more sulfur can be liberated in gaseous form at a slower heating
rate; in other words, the sulfur content in.the condensgte should be

decreased by doing so.

Condensable Products

| In order to know more about the meéhanism'of pyrolysis of 2-
ndphthyl disulfide, a lot of time was spenﬁ in id;ﬁtifying‘the nine
materials shown by peaks 1 to 9 in Figure 8. The sambles were collected
and spectra were obtained as stated in the jrevious secfion. The iden-
tification of these compounds proved to be very difficult égd if might take
a long time to identify all of them. Usuall&, the spectra on IR, UV, and
NMR in addifion to a good molecqlérlweight from mass spectrum are needed
to make a good gueé as to the possib}e structure of an unknown bgmpound.
" Finally, an agreement.on~spectra with a known compound ié necessary for
positive identification. However, if the IR speétra of an unknown com-~
pound and a known compound are identical, that will provide a short-cut

for identification.

N,
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For Sample 1, an initial identification was made on the gaé
chromatograph by injecting the mixture of Sample 1 with'naphthélene.
Since there was still only one peak on the gas ghroﬁatogram, the IR ana
UV spectra of Sample 1 were obtained for positive identification (Fig-
ures 11, 12). Also showﬁ in Figure 11 is a spectrum of naphthalene.
The good agreement among these two spectrs and Sedtler Standard IR
Spectrum No. 865 make a po#itive identification of Sample 1 as naphtha-
lené. ~As further evidence, the spgctrum of Figure 12 also has tﬁe same

7

absorption peaks as standard UV spectrum'.

Sample 2 was positively identified as‘2—népﬁthalénethiol, The
IR épectrum far Sample 2 showm in Figurell3 is iientical to the spec-
trum of 2-naphthalenethiol shown in the same Figure. A comparison be-
‘tween Sadtler Standard IR Spectrum No. 331 ané the spectrum of Sample 2
also indicates that they are'tﬁe same, .The uv spéctrum of Sample 2 is

shown in Figure 1lk.

A systematic method which allows one to find a standard TR épec—
trum similar to that of an unknoﬁn compound was available in Sadtler's
IR Spec Finder Index. This method needs allocation of the stronges£
absorption band in the whole spectrum region and the strgngest,absorb—
tion band in each micron region. The Beckman IR-4 is not sensitive near
the higher microﬁ region so the allocation of the strongest bands afe
difficult to decide. To make searching for similar spectra more di%-
ficult, the IR Spec Finder Indei is so éfranged thaf the information. in

a higher-micron region is of utmost importance.
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. However, a lof_of time was spent on this kind of.searching work
and it was found that there existg some similarity in the standard spec-
trum of 2~naphfhyl sulfide (Figure 15) and that of Sample 7 (Figure,l6>.
In comparing the spectra it should be noticed that fhe whole spectrum
of Sample 7 should be moved to the right about 10 cm_l accordiﬁg to the
calibratiop point shift. The agreement between IR épectra of %—naphthyl
sulfide (Figure 15) and Sample 7 (Figure 16) is faifly good except that
Sample 7 has shown an extra peak té the right of 3000 cm-;. This im-

-

plies that Sample 7 probably has the seme main structure as 2~naph£hyL

7

sulfide with an aliphatic substitution'. The hydrogen, carbon, sulfur
analysis of Sample 7 was reported by Huffman Laboratories as: Carbon,
81.73%; hydrogen, 5{09%; sulfur, 9.54%. 'Based on this data, the experi-

mental formula of Sample 7 is calculated as C This result sug-

. 23Hl7su
gests that if there is an aliphatic chain it should have approximately

three carbon atoms.

The IR spectra of unknown Ssmples 3, 4, 5, 6, 8, and é are
shown.in Figurés 17 and 18. >The functionai'groap information for
these compoupds was oﬁtained by a éorrelation chart-of IR group fre-
guencies distributed by Dow Chemicél Company. Table X sums the quali-~
tative informationufor all nine sample -in condeﬁsafe. The molecular
welght and experimental for@ulaAshown.in Table X are based on Huffman

Laborstories analysis data.

A material balance of condensate was made by. collecting each

sample from the exit of the preparative gas chromatograpa and the result
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is showm on Table XI together with the carbon, hydrogen, and sulfur

content for Samples 1, 2, 7, 8, and 9.

Residue

Residue is eéseqtially-carbonaceoﬁs material. It always con-
tains a very small emount of material which appears in the condensate.
Actually, the sulfur content in the residue is of main interest. The
residue-of Run Ex-X wss sent to Huffman iaboratories.to analyzé. The
result was: Carbon, 84.15%; hydrogen,_2.75%;‘sulfur, L,79%. When these
figures'were‘added up they Qid not total }OO%, sc a check of sulfur
coptent was made in our Quartz-Tube sulfur aqalysis apparatus.and the
result was 9.7h4% of sulfur. This dats is more reliable in comparison
with the other data‘obtaiﬁed frgm different runs (Table XII}. Also,
the sulfur content in the residue of Run Ex-XI was reported as 9.23%.
"The result obtained from our apparétus was 9.07%.’ The value ;hown in
Table XII is an average value. From Tablé XII, it seems possible that

by decreasing the heating rate, the sulfur percentage in residue will

also be decreased.

Material Balance

A complete materigi balance was made in Run Ei—XI. For con-
~venience, one gram of 2-naphthyl disulfide is taken as a basis of eal-
culation. If the amount of condensate were determined by subtraction
of the amount. of residue anﬁ gaseous -products from the weight of thg.

starting material, a material balance ‘in grams can be obtained:




-20-
(1) 2-Naphthyl disulfide ———> (.1h41) Hy8 + (.00154) H,
+ (.00193) CH) + (.000156) CoHg + (,0297 ) naphthalene
+ (.0245) 2-naphthalenethiol + (.0297) #3
+ (.0107) #4 + (.0245) #5 + (.0245) #6 + (.0931) #7
+ (L036L) #8 + (L161) #9 +(.418) Residue. .

The molecular weight of Samples 3, 4, 5, and. 6 is approximated
by comparing their relative positions on-.the gas chromatogram at 3OOOC
with the positions of those samples of known molecular‘weight. They
-Were apﬁroximaﬁed to’Ee 180,'250, 280, and 310, respectively. The
stoichiometric expression of the pyrolysis feaction can be written as:

2-Naphthyl disulfide ———> (1.32) H,S + (.245) Hé
+ (.0387) CH), + (.00156) CHg + (.072h) Nephthalene
+ (.0490) 2-Naphthalenethiol + (.0528) #3 + (.0137) #k
+ (.0270) #5 + (.0253) #6 + (.0898) #7 + (.0320) #8

o ;.+-(,l63.#9,;’13h grams Residue.

Gravimetrie Curve

A close examinatiqn-of the weight loss curve in.Figure 10 re-
veals that the major WEighﬁ loss periods‘accompaﬁy'haximum raﬁes of gas
evdlution. The weight_l&ssurate becomesiquter arouﬁd the‘temperature<
where the evolution of hydrégen sulfide reaches its maximuﬁ; i.e.,

. _ o : :
37OOC, h25OC, and 525 C. During the intervals between these tempera-
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tures it levels slightly. Figure 10 also shows that the weight loss
rate becomes rapid around 58500 and levels off after 59000. That is_
because the evolution rates of hydrogen and methane.reach thelr maximum

at 585°C and decrease rapidly after 590°C.

Discussion gg_thé Pogsible Mechanism

Hydrogen starts to evolve from the reacting mass at 32500, which

implies that-a polyﬁerization reaction occurs and liberates hydrogen- -

. 12 - . . . \ . . .
free radicals™ . Those radicals are reactive with active sites in the

' reaction mass. Since the active sites are .more numerous than -the

radicals, the probability of radicals combining te form hydrogen atoms

is less probable thén radicals attacking these active sites. As a

resﬁlt, the S-S bond and the S-C bond in 2-naphthyl disulfide are broken
by the attack of hydrogen radicals. Hydrogen sulfide, naphthalene, 2~
naphthalenethiol and their corresponding radicals produced by the S-5

bond and the S-C bond rﬁpture are formed. .

The réaction from 32500 to 525QC is then believed to be the
inferaction between these radicals and tﬁé reaction of radicals with
other molecgles to give various pelycyclic aromatic compoundsu. At the
same time, hydrogen is liberaﬁed indicating continuing polymerizétion.
Since no. trace of methane and ethane are observed during 32500 to 525OC,
-it seems that there is no rupfure of the naphthalene ring system dgring
this period. The differential %hermal analyéislo indicating no-
pyrolysis reaction of naphthalene during 3OOOC to 7OOOC also provides

supporting evidence.
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- After 5250C ié reached, the evolution rate of hydrogen sulfide

starts to decrease to zero and the hydrogen evolution rate starts to

increasé-rapidly. This phenomenon suggésts thaf the available reactive

C-S and S-S bonds tend to be used up after 52500.

At 527OC, methane starts to evolve and that means that the ring
structure of some polycyclic aromatic compounds starts to ruptute. The
rate of this rupture reaction follows the same pattern as the evolution

rate of methane until 600°C is reached.

After 6OOOC, the rapid increase of hydrogen and methane evolu-
tion rates can be explained as a result of cyclodehydrogenation re-

—

actions forming gra@hite—like.molééulésll




IV, CONCLUSIONS

From the study of pyrolysis of 2-naphthyl disulfide up to 630°C,
both qualitative and quantitative infﬁrmation were obtained.‘ Hydrogen,
metﬁane, ethane, and hydrogen sulfide are evolved during the reaction.
The evolution rate .of ﬁydrogen and methane show.@;maximum at 58500 and
tends to decrease rapidly after it, then increase rapidly after 6OOOC is
reached. ihe hydrogen sulfide evolution rate has three.major maximura
peaks at 37000, 42500, and 52500, respectively. The liberation rate of
ethane is~small compared to the~§ther gases and reaches a maximum at
58000. Hydrogen and hydrogen sulfidé start to evolve ét 32560 and‘
methane becomes detectable at 52700. Ethane starts to evolve abouf

56500 and stops around 600°¢. . _ _

The stoichiometric coefficients of'hydrogen, methane, and
hydrogen sulfide incresse with decreasing heating'rate; The difference

-in_stoichiométric coefficients for ethane is too small to be detected.

| The weight loss cﬁrve seems to folldw the same pattern as the
mdjor evo%gpién peaks of noncondeﬁsable~ga§es; in other words, the
wéiéhf.loss rate bécg;es:ﬁoreirapid when the.evolutioﬁ of gaseéureaches_
its makiﬁu%. '
Nine céndenséble ﬁroducts were found~by’gas'éhromatograpﬁ
analysis. fNaphﬁhaléﬁe and 2—naphthalenethiol are positively identified
by infrared and ultraviolet-sﬁéctra.' The otherAcondensates are mostly

naphthalene systems with aliphatic substitutions. For all those con-

N

~/
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densable products the infrared spectra were obtained and their states

at room temperature were observed.

Carbonaceous residues with various sulfur content are found to
remain in the reactor after the pyrolysis reaction. The sulfur content

in the residve decreases with decreasing heating rate.

The true mechanism of the whole reaétion is not &et known. A
polymerization of-starting'materiél to liberate hydrogen radicais is Dbe-
lieved to take placé at.32500 to 52500. The hydrogen radicals then .
attack the reactive C-8 Sond and S-S5 bond of the reacting mass to form
hydrogen sulfide, naphthalene and 2-naphthalenethiol together with
their corresponding radicals. It is also beiieved that various poly~
cyclic aromatics ére being formed during this period. Aftgr 5 700, the
liberation of methane indicates some ring rupture of these polycyclic
aromatics. After 6OOOC, cyclodehydrogenation causes an‘inéreasing

evolution rate of methsne and hydrogen.

A complete quantitativé analysis was made on a run heated at

l.hOOC/min. The stoichiometric expression of this reaction is:

2-Naphthyl disulfide > (1.32) Ho8 4 (.24s5) H,
+ (.0387) CH), + (.00156) CéH6 + (.07Th2) Naphthalene
-+ (.0490) 2-Naphthalenethiol 4 (.0528) #3

+ (.0137) # 4 (.0270) #5 4 (.0253) #6 . (.0898) #7

. (.0320) #8 + (.163) #9 + ;3& grams Residue.
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Table I. Preliminary Study of Some Organic Sulfur Compounds by Using TGA Unit

Name of Structure Final Percent Remarks
Compounds Temp,.°C Wt.Loss
Di-p-tolyl- HaC {O)-8 —@—CH3 677 T6.4 Boils away at
sulfide 300°@, “K.K.
Dibenzothiophene - 395 100.0 Boils away,
@—@ K.K.
S
Benzyl disulfide <:>FCH2-S-S- CHQ(C)> 325 65.0 Boils away, !
E.C.¥* X
2-Naphthyl disulfide - ik S‘@@ 615 56.5 Decomposes,
e,
Thianthrene @' S:@ 365 97.1 Boils away,
e B €
Benzyl sulfide CH,. 8. CH 395 80.5 Boils awa
> 5, 7 s
(© {© i
Triphenyl methyl @
mercaptan @_ e 400 82.0 Boils away,

AL < Ban




Table I. Preliminary Study of Some Organic Sulfur Compounds by Using TGA Unit (Cont.)

Name Structure Temp.°C . Wt.Loss
<:>—CH2CH2CH2"S'<:> 350 90.5
-0 e Qe '] .
CH3(CH2)15 8--5-(CHp), ;CH3 110 97.1
gy o
<:>- c=8=¢ 400 86.2
CHy CHg3
* K & K Chemicals Company
*& Eastman Chemicals Company

*¥%¥¥  Aldrich Chemicals Company

Remarks

Boils away,
A.C.C.
Boils away,
AC.C.

Boils away,
A.C.C.

=ho™
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10
20
25
30
40
50
60
100

Table II.

Program of Set Points in Calibration Curve

CALIBRATION CURVES OF PEAK HEIGHT VSe GRAM MOLES OF GAS FROM
STANDARD GAS MIXTURE

DIMENSION PEAK(10,10,10)s VLOOP(10)s CONC(10)

READ 10+ NCOMP, NLOOP, NPEAK

PRINT 5

READ 20s (CONC(I)s I=1,NCOMP)

READ 20, (VLOOP(J)s J=1, NLOOP)

READ 25¢ ({(PEAK(IsJsK) ¢ K=1y NPEAK)sJ=1s NLOOP)s I=1,s NCOMP)
READ 25, TP

R=62361(MMHG) (CC) /(GMOLE) (DEGe K)

R=62361,

DO 100 I=1, NCOMP

DO 100 J=1ls NLOOP

YMOL=P#VLOOP(J)*CONC(I)/(R*T)

PRINT 30, I

PRINT 40, YMOL

DO 4 K=1s NPEAK

PRINT 504PEAK(IsJsK) :

AVPEAK = (PEAK(IsJ91)+PEAK(I9J92)+PEAK(I9J93)+PEAK(I9J94)) /4,
PRINT 60s AVPEAK

FORMAT (59H HYDROGEN(1) METHANE(2) ETHANE(3) HYDROGEN SULFIDE

-Q2—

14

FORMAT(313)
FORMAT(10F844)
FORMAT(10F8.2)

FORMAT(1HO+15H GAS NUMBER IS +13)

FORMAT(1HOs 18H TOTAL MOLES = 4E14.8)
FORMAT ( 22H PEAK HEIGHT IS = ,F8.2)

FORMAT ( 20H AVERAGE PEAK HEIGHT IS = ,F8.,2)
CONT INUE

CALL EXIT

END




Table III. Sample Program to Plot Calibration Curve of Methane

@ CURVE PLOT - PEAK HEIGHT OF METHANE VSe. NUMBER OF TOTAL MOLES

€ (DEGREE FOUR)
MIN=0,0
XMAX=1000.
XD=100,
YMIN==100,
YMAX=900.
YL=560
YD=100,
1C=101
CALL PLOT (ICoXMIN9sXMAXsXL s XDsYMINsYMAXsYL YD)
IC=0
X=Ooo
DO 10 K=1,101
Y==639420000E-02+6e34423995E+00#X+e65114690E-03%X%%2,-e70822228E-06
1 X%%D o+ 41 T90926E-09% X¥%4,
CALL APLOT - 1C's Xis Y1)
10 X=X+10,
ICC=T7
CALEEPLOT SHIGCH
CALL “EXTT
END

_68_




Table IV. Program to Calculate Gas Evolution Rate for Each Run

NONOOANAANNN N

PR=PUMPING RATE
S=SAMPLE SIZE OF 2-NAPHTHYL-DISULFIDE
CT=COLUMN TEMPERATURE OF GAS CHROMATOGRAPH
CR=CARRIER GAS FLOW RATE OF GAS CHROMATOGRAPH
H=PEAKX HEIGHT OF HYDROGEN
XM=PEAK HEIGHT OF METHANE
E=PEAK HEIGHT OF ETHANE
HS = PEAK HEIGHT OF HYDROGEN SULFIDE
T=TIME
TEMP=TEMPERATURE OF REACTOR
DIV=SMALLEST DIVISION IN WEIGHT LOSS CHART
DATA=A NUMBER USED TO END THE PROGRAM

10 FORMAT(1H1+7Xs 15HPUMPING RATE ISy F8e2914H CeCe PER MINe)

11 FORMAT (46H SAMPLE SIZE OF 2-NAPHTHYL-DISULFIDE ISy F8e4,
15H GRAM)

13 FORMAT (50H COLUMN TEMPERATURE OF GAS CHROMATOGRAPH ISs F8e2
1,9H DEGREE Q)

14 FORMAT (32H CARRIER GAS FLOW RATE IS9F8e2914H CeCe PER MINe)

15 FORMAT(8F1044)

16 FORMAT{1H +37X+24HGAS EVOLUTION RATE®*10#%#8)

17 FORMAT(68H TIME TEMP. WT LOSS HYDROGEN METHANE ETHAN
1 HYDROGEN)

18 FORMAT(1H s59Xe THSULFIDE)

19 FORMAT({1HOs67H MINe DEGeC PERCENT GM-MOLES/(MIN)(GMs STA
IRTING MATERIAL)/ /)

20 FORMAT (8F1l0e2)

21 FORMAT(6X9F5e09 2X9F56092X9FT7e292X9FT7e293Xs FTa293X0FT7e292X9sF8e2)
READ 153PR3SsCTsCR s
PRINT 104PR
_PRINT 11+S

-0g-




Table IV. Program to Calculate Gas Evolution Rate for Each Run (Cont.)

PRINT 13,CT
PRINT 14,CR
PRINT 16
PRINT 17
PRINT 18
PRENT" 19
40 READ 20+TsTEMPsDIVsHsXMsEsHSsDATA
PERW=e¢011079%DIV*100e/S
IF (DATA) 100,450,510
50 Y1=022260000E-02++72730967E~01%H+¢37570202E-04%H**2, —011101874
1E-Q7%#H%%3, + o15786179E-11xH*%4,
Y2= —e39420000E-02 + o34423995E+00%XM + o65114690E~-03%*XM¥#*2,
1-,70822228E~06%*XM#%3 4 + 441790926E~-09#XM*¥%4,
Y3= +87680000E-02 + «48922380E+00%E + «83716414E-Q2*E*%2,
1-,21358161E-04%E*#3, + 421346391E-07%E**4,
A=16e25%Y1/S
B=16e25%Y2/5S
C=16625%Y3/S
IF (HS=15622) 604+70,70
60 Y4= o38250000E=03 + o54737646E+01%*¥HS = ,10743039E+01#HS**2,
1+,12023838E+00%HS*%3,
GO TO 80
70 Y&4= =435435833E+02 + o20405309E+02%HS - ¢72345327E-Q1%HS**2,
80 D=16¢25%Y4/S
PRINT 21+sT+sTEMPSPERWs AsBsCsD
' GO TO 40
100 CALL EXIT
END

_*[E._
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Table V. General Information of All the Runs Made on 2-Naphthyl Disulfide

Run Heating Rate Final Temp. Final % Remarks -

°C/min. § ) Wt. Loss

Ex~T Not uniform 600 56.5 Sampling valve plugged.

Ex-IT Not uniform 615 73 Sampling valve plugged.

Ex-III 1.89 625 T Sampling valve plugged.

Ex-IV 2l 645 5 T Sampling valve plugged.

Ex-V 1,146 600 58.7 Sampling valve plugged.

Ex-VI - - 6253 Temperature recorder
trouble.

Ex-VII 2.90 643 60.2 Condensate was found
outside reactor, too
fast heating.

Ex-VIIT 2.50 648 66.6

Ex-IX 2.16 643 67.1 Carrier gas leaking.

Ex-X 2032 643 g5l

Ex-XI 1.%0 638 58.2

ExsXIT 1.76 632 63 Sampling valve plugged.




Table

PUMPING RATE IS

VI.

Results

65600 CeCos
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of Ex-VIII

PER

MINe

SAMPUE STZE " OF2sNAPHTHYL-DUYSULF EDE "18

COLUMN TEMPERATURE OF GAS CHROMATOGRAPH 1S
6500 CeCo

CARR

TEME
MINe

Co

5e
10,
15
20
25
30
35
40
45,
50
55
60
65
70

75

80 ¢
85
90
95
100
105
110,
115.
120,
125

IER GAS FLOW
TEMP G RITRLO05S
PEGeCy (PERCENT
308, 0,00
317 0.00
3256 0.23
335 0,82
3/}7. 1,76
361. 246
3713 4011
385, Sle 8
400, 9559
413, 1555613 8
427 17.02
440, 20054
450. 24 465
466 26l
477, 28415
489 31 e 0
502, 34,62
S515% 3:1+56
Bels 41,08
538 45618
550, 53663
562 5481
575 56+.33
585 59,85
600, 62479
612, 63.96

RATE TS

HYDROGEN

GM~-MOLES/ (MIN) (GMe

0.0
060
0«0
6031
10,10
13.89
16,04
13,89
15479
19,22
1947
20¢ 74
2:2's:15
23642
27.64
33402
49484
0 9 0 o
e0 00 e
oo eeoe
312637
eo 0w o0
955653
evcoes
854.96
801,06

METHANE

SO QIS O O @ISO O QOO O
© © o ¢ 6 06 © & ® & 6 0 © © © © & ©
SISO OO O O S0 OO0 O

35.89
64661
18747
524081
19405
220055

009440 GRAM

119650 DEGREE-C

PER MINe
GAS EVOLUTION RATE*10%%8

ETHANE HYDROGEN
SULFIDE
STARTING MATERIAL)
00 060
0e0 .00
0.0 0.0
0e0 629.98
060 2330082
0.0 1823415
0«0 8445028
0.0 5094.01
0e0 4332 433
0.0 4939467
0¢0 5001645
0.0 2212.74
00 138605
0«0 1063601
00 100072
00 1095640
Oe0 1233455
0eO 1307.96
0e¢0 1467,93
OeD 1063.01
0.0 858097
0eD 492629
2028 691656
66604 155370
22010 346668
2393 238015
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Table VII. Results of Ex-X

PUMPING RATE IS 6500 CeCo PER MIN,
SAMPLE SI1ZE OF 2-NAPHTHYL-DISULFIDE IS 069440 GRAM
COLUMN TEMPERATURE OF GAS CHROMATOGRAPH IS 11950 DEGREE C
CARRIER GAS FLOW RATE IS 6500 CeCoe PER MINe
GAS EVOLUTION RATE*10%*8
TIME B TEMP SWTLLOSS. HYDROGEN METHANE ETHANE HYDROGEN

MINe DEG.C PERCENT SULFIDE
GM-MOLES/(MIN) (GMe STARTING MATERIAL)
Oe 320, 0,00 0,03 0.0 0.0 0.0
5e 330. 0o 3l 2627 0.0 0.0 11693
10, 342, 0.52 10,14 0.9 00 1593.50
154 355 105 19.76 0eD 090 509109
20, 366, 2072 2:2:41% 00 0e¢0 7486004
25, 3 Tis 6283 1976 060 060 5945045
30 389, 8,90 16492 060 De9 301073
35 401, 1361 19,19 0eD 060 2189445
40 413, 16,23 23415 00 00 236193
456 425, 22492 244689 0.0 060 4186620
50 437 26 il 23641 0.0 060 1824019
55 450 30 ¢ 217 22995 060 0.0 1309.88
60 453, 32436 26003 0690 00 720663
65 475 34,98 3545 00 00 562615
700 485, 3707 44 0477 0e¢0 060 562015
754 495, 38,96 62.25 0.0 Oe0 76648
80 51 0% 42652 87.00 00 0.0 948,56
85 521, 4451 < 125498 060 0.0 116714
90 B33 47,13 195446 7089 0e¢0 977646
95, 5444 49 43 281644 21425 0.0 977646
100 556 Silie DS 437431 49697 0¢0 677306
105 56l 53,10 68310 10961 Te78 413,47
115 589 59¢17 1927430 33189 1972 378406
120 598, 6137 725631 64081 0e0 00
125 6120 62.31 8440’41 11245 0.0 0.0
130, 625 62 084 890677 143,99 00 0.0
1259 635 63.46 1086014 174633 0.0 0.0

140 643, 6388 -1233,54 184094 0.0 0.0
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Table VIII. Results of Ex-XI

PUMPING RATE IS 65,00 CeCe PER MIN
SAMPLE SIZE OF 2-NAPHTHYL-DISULFIDE IS 09440 GRAM
CCLUMN TEMPERATURE OF GAS CHROMATOGRAPH IS 11950 DEGREE C
CARRIER GAS FLOW RATE IS 65,00 CoCe PER MINe
GAS EVOLUTION RATE*10%%8
TIME “TEMP.: WT LOSS 'HYDROGEN METHANE ETHANE HYDROGEN

MINe DEG.C PERCENT - SUERIDE
GM-MOLES/(MIN) (GMe STARTING MATERIAL)
Oe 3225, 0,00 8080 0.0 0«0 T7¢50
S5e 329, 000 880 0.0 0e¢0 21263
10, 335, 0,00 11,19 0¢0 060 1302.71
15 342, 0.00 15473 0.0 060 4220695
20 351% e 0.23 20615 060 0.0 482725
25 359 0.82 21642 00 0.0 4981640
300 36 2481 15,09 0.0 0e0 2443,78
35 375 44,21 STelt 4 0-0 060 to0o0cevoew
40, 384, e84 eoeee 00 0.0 cecevoe o
45, 392 Te25 ecooe 0.0 0.0 eoccooee
50 400. 8077 57.44 0.0 00 1547e47
55 407, 9e (0 40659 0.0 0.0 713237
60« 415, 11,69 47605 0«0 0.0 701624
65 423, 14,38 63691 0e0 060 13716412
700 430, 16,13 53 ¢53 0.0 0.0 7276696
75 438 18,00 53.40 0.0 0¢0 631116
80 446, 19852 5249 0.0 0.0 5134493
85 454 21,04 46627 0¢0 060 3129645
90 452, 22044 @ 37,12 0¢0 000 467248
95, 469, ekt 27.14 000 0«0 85552
1000 4706 25.01 33015 0.0 00 397.95
105, 480, 26,89 5470 060 0eOC 1265420
110 495, 2864 . 9042 0.0 0.0 277082
115, 504, 30,04 7" 124,415 0e¢0 0.0 2770.82
120 512, * 81 e21 83,76 060 0.0 46150
125 519. 3530 186,73 5685 0.0 232147
130 527, 4044 290609 13157 0«0 eccecoe
135« 5354 41,50 226083 881 060 909.68
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Table VIII. Results of Ex-XI (Cont.)

\ 140 541 43,02 401695 bt T e 0.0 1341014
145 548 44 465 524,00 50629 060 855052

‘ 1500 555e 1}5.59 83305() 125e¢51 13.05 996071
155 561 46041 92050 15234 19629 386660
160 568 47434 1614061 274078 3lle 25 505650
165 572 48028 1874607 206043 28645 53749
170 580, 48,85 1916.24 384060 22001 46150
1750 585 49491 412456 26 25116 4638 19123
180 591 Ole32 851s 55 2il6e3> 040 42.58
185 597 52,02 66507 1056659 0.0 0.0
190, €04, 52 .60 398,81 63.12 0.0 0,0
195 61108 53419 602616 T4el9 0.0 0.0

| 200 620, B9l 1 692663 ccooo 0.0 00
205, €30, 54 ¢35 960692 154692 0.0 0.0

1 210 638 54911 116993 188.68 000 060




Table IX.

Run

Ex-VIIT
Ex-X

Ex-XT

Stoichiometric Coefficients of Gaseous Products for One Mole 2-Naphthyl Disulfide

Heating Rate Final Temp. H CH), CoHE HoS
°C/min. o0 mole/mole mole/mole mole/mole mole/mole
2.50 612 0.0827 0.0192 0.0016 0.801
2.32 612 0.102 0.0136 0.0016 0.722

1.40 612 0.196 0.0316 0.0016 1.32
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Qualitative Properties of Condensate from Pyrolysis of

Naphththalene(positive identifica-
tion).
SH 2-Naphthalenethiol(positive identi-
fication).

—CH3, —CH2—, possibly naphthalene system
with aliphatic substitution.

—CH3, —CHg—, ~0H, possibly naphthalene
system with aliphatic substitution.

~CH3, -CHp~-, possibly naphthalene system
with aliphatic substitution.

-CH,, -CHo-, possibly naphthalene system
% aliphatic substitution.

-CH3, -CHp—, possibly naphthalene system
with aliphatic substitution, MW=332, exp.
formula=C23HlYS.

-CH3, -CHp-, -OH, possibly a naphthalene
system with a rather long aliphatic
substitution, MW=396.5, exp. formula =

Table X.
2-Naphthyl Disulfide
Sample No. State at Room Remarks
Temperature
1l White crystal
2 White powder
- Red powder
L Yellow green
liquid
5 Yellow green
liquid
6 Pale green
liquid wit
i Yellow green
crystal
8 Yellow solid
026H1982 .
9 Yellow solid

-CH3, -CHo-, possibly naphthalene system
with aliphatic substitution, MW=317, exp.
formula=CelHl3S.






































































