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ABSTRACT

This study examined the effoct of sulfur-containing
ccapounds on the storage stﬁbility of Jet A turbine fuel.

It was found that alkyl sulfides and disulfides increased

the fuel's stability while all thiols and thiophene deriva-
tives tested decreased fuel sé@bility (increase&‘aepésit

formation) at temperatures and sulfur concentrations selec-
ted. | | | ’

.., Linear Arrhcnius plots of sulfur-spiked fuelrsamplel

demonstrated that deposit formation decreased with increased
slope for all alkyl sulfides, alkyl disulfides, thiols, and

thiophene derivatives. A plot of insoluble deposit vs.

concentration of added alkyl sulfide produces a negative
slope. It appears that the inhibiting nechanism for alkyl

sulfides is a result of the compound's reactivity with

intermediace soluble precursors to deposit in the fuel.
" A method of approximating the relative basicity of weak ;
organosuifur bases was developed via measurement of their i
resonance chemical shifts in proton NMR. Linear plots of

log gm. deposit vs. charnge in chemical shift (shift differ-
ences between sulfur bases neac and complexed with 12) were

found for alkyl sulfides and alkyl thiols. This suggeste

the possiblity that increased deposit formation is due to

base catalysis with these compound classes.

iii
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Sulfur in Fuels

iiheicufrént,fossii fugl supply pattern has amakghgd a
| national recsgnition that coal and oil shale increasmqlf ‘
will become méjor suppiierqrdf enetéy in the United Sﬁates
rfor at least the next several decades (1). Total sulfur
content in oil shales is comparable to values measured in
crude nils from many of the producing countries (2).
Robinson and Dinneen list sulfuf percent (by weight) in
Qeveral typical shgie oils, a few of wﬁidh are reported in
Tablé I (3). Also shown in Table I are several examples of
coal syncrudes and their sulfur content. Lower percent
sul fur values with coal syncrudes shown are primarily a
result of the removal ofrsulfur by hydrotreatment processes
(4,5). Crude oils vary in sulfur content from less than
.05% to more than 14%. However, relatively few produced
crude oils contain more than 4% sulfur, and most oils con-
tain from 0.1% to 3% sulfur (6). Smith réports that the
average sulfur content of crude oils based on 9347 samples
0.65% by weight, but that this would be considerably
higher if many of the high sulfur crude oil (>1%) reserve

supplies were included in his sampling (7). Indeed, ever

since the discovery of "sour crudes" in Chio during the




TABLE I: Sulfur Percent (by weight) in Shale Oils (2,3) and
Coal Liguids (4,5) _ , -

Australian

Brazil

France

West Germany

USSR

USA

Usa

Eocene R R |
Glen Davis, Kerosene shalc,
Permian: ‘

' Tremembe-Taubate, Tertiary

Autun, St. Hilaire, Permian
Meééel.'Eocene

Estonia, Kukersite,
Ordovician

Western Kentucky Coal Syncrude

Utah Coal Svncrude

0.6<0.8

06

0.7
0.5-0.6
0.6

1.1

0.08

0.03
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-iBae*s~an—iﬂeféaied~eeneernmhas~been¥g£vea»%emthe—sesieuc
probiens cauaéa by sulfur content. '

Considerable research into the causes aﬁd effects of
fuel deterioratioh at storage temperatures was initiatgd
during the time period from the 1920's until after the
Second Wbrid War. Hydrocarbon fuels were found to deéosit
gumsfthgt coated the walls of storage containers and also
formed particles suspended in the fuel itself. Following
the war, éetroleum corporations were fo;c;d by demand to
blend straight-run middle digtiliate fuel witﬁ catalytically
cracked fuel. This led to problems resulting from the fbrm;
ation of sludye and deposit particularly in blends contain-
ing components derived from high-sulfur crudes (8).

In 1948 the American Petroleum Institute initiated -
Research Project #48 to study "The Production, Isolation and
Purification of Sulfur Compounds and Measurements of their
‘Properties." This study included analysis of the structures
of organic sulfur compounds that comprise the sulfur in

petroleum (9).

Sulfur's Participation in Fuel Stability

There has been an increasing interest in the participa-
tion of sulfur compounds in the "stability"” of both petro-

leum and coal/oil shale derivatives. All uses of petroleum
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. _products as energy sources require combinatiqqugith ORy~-

- gen. Patroleum chemists spend considerable time dgvelopiné

methods to circumvant the attack of oxygen prior to

,cohbustien, i.e., increasing the stability of fuels. The

degradation of fuel due to the attack of oxygen results in
the production of insoluble gums, which in turn leads to
numerous undesirable results. In the case of gasoline,
carburator clogging, induction system deéosits. valve
malfunction, and piston/crankcase fouling are a few such
results. Also the octane number of gasolihe is reduced
through the formation of peroxides, initial products of the
reaction of fuel hydrocarbons with oxygen (10). In the
field of lubrication, oxygen attack produces acids in
lubricating ocils and breaks down grease structure (10). A
most vulnerable part of the jet turbine engine is its fuel
system with its sensitive filters, nozzles and other regions
of limited dimensional tolerance. Particulate matter in fuel
resulting from fuel instability in these areas can be most
detrimental to jet engine lifespan (10).

The general study of fuel stability is complex and many
of the reactions that contribute to instabilty remair unin-
vestigated. Wwhen considering the stability of fuels, the
term “"storage stability" refers to a fuel's ability to re-

sist autoxidative reactions while it is in a storage facil-
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ability to rusist chemical degradation while in the aﬁviééﬁé
ment of an operating ¢a§im; | Autex;éitivi reactions have o
been theorized to lead toc the formation of deposits in fuel
(10). During the early 1950's, a few investigaticns were

made concerning the storﬁge stability of diesel fuel and its

relationship to the sulfur content of fuel. However, with

- the exccptidn of the thiols, little is known about the ac=-

tual contribution of sulfur compounds to fuel stability or
instability (11,12,13,14,15).

Sulfur is the third most abundant atomic constituent of
crude oil, following carbon and hydrogen (2). In most crude
oils, hydrogen sulfide and elemengal sulfur are very minor
constituents of total sulfur content. Most sulfur is in
organic combination (i.e., bondedvto carbon) . klthough more
than two hundred individual sulfur compounds have been sep-
arated and identified in crude oils, most are reasonably low
molecular weight compounds. Many sulfur compounds in crude
oil still remain unidentified. Figure I shows the general
structural formula of several sulfur classes found in petro-
leum. Crudes that contain greater percentages of mercap-
tans/thiols are often referred to as "sour crudes". Thiols
and disulrides are usually minor components except in some

lighter oils. Oils are often classified as light or heavy




Aliphatic Polysulfides
Aliphatic Thiols
Aromatic Thiols
Thiophene

Cyclic Aliphatic Sulfide

_ R-8<R'

 ReSS-R' R = alkyl chain

_ R-§,-R'

 R-sH

 Ar-sH Ar = aromatic
A

: (Tetrahydrothiophene)

<8> .
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the variation of viscosity of an oil with temperature, gen~
erally ranging from sero to one hundred based on two refer=
ence oils (16). ‘™iols are more abundant in low boiling
fractions than most other sulfur compound types. Most of
the sulfur in crude oils occurs in C-8-C bonding in which
the eafban atoms may be either saturated (tlighatic) or
unsaturated (aromatic), and this three atom groupi.ig may be

either cyclic or acyclic. Thiacycloalkanes are usually more

abundant than thiaalkanes. Ring systems containing sulfur
occur as a variety of five and six membered ring deriva-
tives. The aromatic thiophene ring is abundant as part of
complex ring systems such as benzothiophene, dibenzothio-
phene, etc, but thiophene and simple alkyl thiophenes also
occur. Most sulfur occurs in high boiling and/or residual
fractions. Few compounds have been separated and identified
from fractions boiling above 250°C (17,18).

Thompson, et al. found that free sulfur promoted insta-
bility in stored fuel oils (19). Additionally, it was found
that thiophenes, aliphatic thiols and sulfides had little
effect while disulfides, polysulfides,and particularly ben-
zenethiol (thiophenol) were effective in forming deposits
(19). The tert-aliphatic disulfides were dstermined to be

more deleterious than normal aliphatic disulfides. For
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higher molecular weigh

iifi §euaé to hi aa;: potg&t o - 1 )
n&iﬁbitic ﬂitgifiaitw, Thie vas: €ha&ght to be due %e
é-criaiing -alebiiity of éi:a;iééiu with. ine?nlsing _
' maloﬂuia: weight (193; It ihaaid be gainéed out that 1

results of these 1nvctt$gatisns on ntorad fuel 0119 vire R
obtained by spiking samples with sulfur concentrations
graater than 1000 ppm in an accelerated storage test at
66‘!. |

Wallace elaims that the most deleterious sulfur com-
pounds are elemental sulfur, thiols, disulfides and polysul-
fides. Disulfides reportedly form intermediate free radi-
cals that decompose to more reactive sulfur derivatives such
as “hiocaldehydes (18). The participation of thiols in the
instability of petroleum fractions appears to be the best
understood reaction. Thiols are readily oxidized to thiyl
radicals (see Reaction #1, Figure 1I). These radicals in
turn form disulfides, add to diolefins and monolefins to
form hydroxy sulfoxides, and initiate olefinic polyﬁeriza-
tion reactions. These reactions are accelerated by light,
heat, hydroperoxides, and trace metals (18, 20,21,22,23,24).

The processes in which diesel fuels form deposits dur-
ing storage have been explained from two points of view.

Elmquist claims that stability is affacted by the presence

g G B e et
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of sasily oxidigable aromatic thiols, hydrocarbons, aid oxy=
gen. This theory is based upon Kharasch's mechanism for the

 sulfur containing compounds (See

Figure I1) (21,25). Clinkenbeard theorizes that instsbility -

sulfur, oxygen, and nitrogen compounds (26).

Schwartz, et al. reported thereffect of sulfur com-
‘pounds -on deposit ﬁemtieaia cracked qasolines It was
determined that compounds including benzenethiol, l-hexane-
thiol, n-butyl sulfide, and n-butyl disulfide accelerated
the formation of deposit. In these tests, 0.5 volume per-
cent radioactive-labelled sulfur compounds were utilized at
a storage temperature of 110°F for periods of up to sixty-
four days. It was noted in these tests that sulfur levels

were higher in the deposit than in the fuel sample (27,28).

Storage Stability of Jet Fuel

Little work has been done on the storage stability of
jet fuel. Elemental analysis of jet fuel deposit formed
during storage indicates an increase in weight percent ni-
trogen, oxygen, and sulfur as compared to their concentra-
tions in the original fuel solution. Taylor reported that

jet fuel insoluble deposit formed in the presence of oxygen
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had_a sulfur content of 0.49 Weight¥ as comparsd to 0076 —
weights in the parent fusl (29). It is suspected that due
to the large increese. in oxygen content that the fuel |
probalbly und‘rgecn oxidation as an initial stnp toward _
deposit formation. Carbon to hyarcqcn ratios dnearminsa hy g
elemental analyiij suggest that many aromatics (or other -
unsaturated compounds) ares beina concentrated in the deposit
(29,30,31).
Johnson, et al. (32) tested the storage Qﬁabilf?y 0&7

JP3 and determined a relaﬁionship between fuel atauAlity and

the refining process. It was found that the fuel stability
jincreased in the order: thermally-cracked, catalytically-
cracked and straight-run. Furthermore, tests were run by
adding polylsulfides, aliphatic mercaptans, and benzenethiol
to JP3, and a relative order of increased rate of deposition
was found to be in agreement with Thompson's findings
(19,32). 8ince jet fucls overlap the boiling range of both
gasoline and distillate fuels, it would be expected that the
influence of composition on storage stability would assume
some of the characteristics of both. The sulfur distribu-
tion (%weiéht) in various types of gas oils were found by
Nixon to be: straight-run - ,.39%, catalytically-cracked -
.78%, and thermally-cracked - .98% (33). Thus it appears

that increased sulfw content generally corresponds to de-
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sxsggs\;z; Kharasch's Hndhaninm for Go-c:iéatica ct G&t!inor

with Sulfur-Containing “ompounds (21)

1)  RSH + 0y + R8* + iO,°
2)  HO,' + RSR « RS® + Hy0,
3) ~RE* + R'CH = CH, + R'(RBCH,)CH'
4) R'(RSCH,)CH" + Oy + R'(RSCH,)CHO,"
5a) :R‘(Rscnz)cébz' + RSH + R'(RSCH,)CHO,H + RS*
6a) R'(RSCH,)CHO,H » R'CH(0H)CH,GR
- 0

and/or

5b) R'(RSCH,)CHO,° + R'[RSCH,]CHO®
.

0

6b) R'[RSCH,]CHO* + RSH + R'CH(OH)CH,SR + RS"
i .
o o

(hydroxylated sulfoxide)
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creasing storage stability, iﬁﬁﬁmm’h*mﬂ&* ~H~~~~—§
olefins also follow the same order as the listed sulfur t

distribution.
Mors current studies have besen concerned with the ef-
fects of organosulfur compounds on the stability of Jjet

fuels. However, again, it must be noted that investigatons
have been restrict:4 to high concentrations of added sulfur
compounds in samplus, and in the following cases, tests made
of thermal stability. In 1967 Taylor and Wallace reported
that 1000 ppm rulfur concentrations of pure organosul fur
compounds markedly influenced the rate of deposit formation
from ecsentially sulfur-free hydrocarbons at +450°F in the
presence of oxygen. They found that the selected thiols,
sulfides, disulfides and condensed thiophenes which in-

creased the rate of deposit formatior. decomposed into radi-
cal fragments under the corditions stuaied. These radical
fragments initiated complex, free-radical autoxidatir reac-
tions that led to the formation of deposits (34). During
the mid 1970's Taylor published additional findings of the
effects of trace impurity sulfur compounds on the rate of
deposit formation in deoxygenated jet fuel. One of his
experiments, run with 3000 ppm sulfur addnd at +540°C in the
presence of less than 1 ppm 05, resulted in higher formation

rates with sulfides, disulfides, polysulfides and a thiol.

R |
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Added condensed thiophens compounds 4id not increass the
deposit rate. Taylor sujggested £iat two distinct mechanis-
-tle processes ocour in saturdted and deoxygenated fuels.

693 mechaniom s predominant in a low temperature air-sttﬁ:*
ated environment, and the other ir & high temperature deoxy-
genated condition (35,36).

Base Catalysis and Fuel Stability
One important consideration in understanding the effect

of individual organosulfur compounds on depcsition rate is
whether there exists a dependence of deposit formation upon
the base strength of the compound. Worrcell concluded that
many nitrogen compounds accelerated the formation of dJdeposit
in Jet A and diesel fuel through base catalysis (37). It
would thereiuvre be significant to determine whether similar
resultes might occur with certain organosulfur compounds
since they can function as Lewis bases via sulfur nonbonding
electron pairs.

The organic su’®ides, disulfides, thiols, and thio-
phenes are extremely veak bases. The basicity of such com-
pounds is normally measurad in terms of the Xa or pKa of
their conjugate acids. For example, in the case of thiols,

the conjugate acid/base pair is shown as follows:




i A
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The pka in this case equale -log ¥a = <169
(RenJ{n*)/(28H*5). Tebulatod velues of f:ii:ﬁiJiff%ffﬁi“f;
(adility of the compound to sccept a proten) im us '7
medium of many weak organonitrogen bases ace csai}aaza;— .
However, such data are not available for the unktr a-gme-
;al!ar bases.

An attempt to msasure the basicity (2 msasura e! a:i-
fur's non-bdonding electron pair donating ability) of sore of
the thiols and disulfides was made by Arnett, st al. via
solvent extraction and gas chromatography, and by Scorrano,
et al. using nuclear magnetic resonance techniques
{38,39). Unfortunately, virtually all results have been
affected by the fact that the compounds often decompnse
Jduring protonation (40). Scorrano, et al. studied the
decomposition rnactiénl extensively and it is his currert
belief that it is not possible t5 determine realistic
absolute pKa values for mercaptans and disulfides
(41,42,43). In 1973 Arnett et al. developed a plot of cal-
orimetrically determined heats of protonation (aH;) in EKSO4F
versus the few reliably known aqueous pKa values previously
determined ior specific sulfides. A fair linear correlation




pxa \inita. Bmver it vas

1éydisperse into a

_Vrifareﬁt classes 0£ compohn&s

absolute values of pxa's measured between
J,gas phase and in solution show striking dszerences. The .

~7,cu:rent absence of any means for ¢irectly determlning the

exact quantztative accountlng for pKa's in terms of relative

-solvatlon energles of the base versus its conjugate acid

(44) .
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VJet A turbine fuel was gécjuiréd duﬂrig’ previbus re-
search from the National Aérénauticé 5ﬁé~§§a;e Adminiitfa—f;k
tion Lewis Research Centei. All acéelerated stotﬁge tests
were made from the same originélly acquired sémplpréf fuel
stored at 4°C. n-Ethyl sulfide, n-butyl sulfide, n-pentyl
(amyl) sulfide, n—butyl_disulfide, n;péntyl (amyl) disul-
fide, isopentyl (amyl) éisulfide. 1-propanéthiol, l-butane-
thiol, l-pentanethiol, benzenethiol (thiophenol), p-toluene-
thiol, l-naphthalenethiol, toluene-3,4-dithiol, l-benzothio-
phene (thianaphthene), dibenzothiophene, and tetrahydro-
thiophene were purchased from Eastman Organic Chemicals of
Rochester, New York. Tetrahydrofuran (THF) and iodine were
acquired'from the J.T. Baker Chemical Company of Phillips-
burg, New Jersey. Tetramethylsilane was purchased from
Norell, Inc. of Landisville, New Jersey. All chemical com-
pounds were utilized as received in unopened containers as
purification was not found necessary.

Jet A fuel was filtered through a fine sintered glass
funnel prior to use. Tetrahydrofuran (THF) was distilled

over lithium aluminum hydride (LiA1H4) prior to use.
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‘Measurement of Insoluble Fuel Deposit

The "slip" .Wt“echnique developed by Worstell during his
studies with heterocyclic organonitrogen compounds was ﬁtilu
ized to determine the amount of insoluble fuel deposit |
formed with each tested sample of Jet A fuelr(46). Aliquots
~of 10 mlsrcf Jet A fuel were,voluﬁstrica;ly piéeté& into |
standard 4-ounce'Flinttglass containers of 147 ml capa-
city. Although Ehése containers were in fact a soft glass,
and soft glass has been shown to have an inhibitiﬁg effect
on éhe degradation of many fuels, éxperimental design of
this research was oriented toward the measurement of rela-
tive fuel degradation of samples. Thus, the inhibiting
effect may be considered non-consequential within the frame-
work of these experiments (46,47). All glass containers
were cleaned for 48 hours at rooﬁ temperature in a chromic
acid bath and then placed in sodium bisulfite solution for
24 hours. Containers were then rinsed repeatedly with de-
ionized waver and dried prior to use. Worstell experiment-
ally verified that this cleaning process has no siginificant
effect upon the accelerated storage test aging process of
Jet A fuel (46).

2 area were tared

Glass microscope coverslips of 324 mm
and one placed in each container with the fuel sample.

Standard THF solutions of the various sulfur-containing
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compounds were étppared. These compounds were for the most '

part selected because they have boiling points greater than
tﬁé’eqngﬁfiﬁufi at which accelerated storage tests were

‘conducted (Table II}. The volume of organosulfur compound -
‘corresponding to 10 ug sulfur/ml fuel was chosen for kinetic

experiments because it provided a reasonable amount of de-

posit being formed within the temperature and time condi-

tions selected. Liquid sulfur compounds were added ﬁeat.

_except in cases where spiking anounts were less than one

microliter.i In these cases, a solution of the compound in
the THF was utilized to increase spiking reprqducibility.
Previous research by Dahlin demonstrated that THF in Jet
fuel in a ;atio of 1:10 has no effect upon the rate of

deposit formation. As mentioned previously, the formation

~of peroxides is felt to be an intermediate step toward the

formation of gums and deposits in fuel. Although THF is
easiy oxidized to it's hydréperoxide, its rapid vola-
tilization from fuel solution at temperatures tested prob-
ably accounts for the lack of effect (46,48). The amount of
THF utilized in sample preparation of organosulfur compounds
was considerably less than that demonstrated to have no
effect (48). For these reasons it is believed that addition
of THF to fuel samples has no effect upon experimental

results.

LR 5.
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Triplicate containers of each organosulfur spiked fuel

sample were prepared in this manner. The Flint«glass cone
_tainers were closed with Tefion-lined 1ide and placed in a
thermostated oven at constant temperatures selected in the
121°-135° range. At twenty-four hour intervals, samples

were removed from the oven: the coverslips were extracted
with forceps and dried under a GE infrared lamp for 15
‘minutes to insure total 1iquid evaporation. The fuel
samples were opened in this manner every twenty-four hours
and exposed to air for an equal amount of time in ordﬁr to
replenish the oxygen availaple within the containers. The
dried coverslips were then weighed oﬁ a Cahn Moéel 4700

electrobalance. This procedure was carried out with the

final weighing being made at 168 hours (seven days).

Determination of Stabilizing/Destabilizing Effect of Sulfur-

Containing Compounds

Individual organosulfur compounds including aliphatic
sulfides, aliphatic disulfides, aliphaﬁic and aromatic
thiols, a dithiol, and thiophene derivatives, were added
individually to 10 ml samples of Jet A fuel at a total sul-
fur concentration of 10 ug sulfur/ml Jet A Fuel. Solid
sulfur-containing compounds were dissolved in THF. Liquid

compounds wvere added neat, except in cases where spiking
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“spiking reproducibi i Mﬂ m prepared i
'm‘aﬁ—. The m “““ les wers incubated at/ 135"& tfévt

added to 10 mls of Jet A fuel. The sulfux cénecﬁtraiiéna'df

samples were set at 10, 100, 500, and 1050 ug sulfur/ml
fuel. All samples were run in triplicate. Samples were
incubated at 121°C with the experiment being terminated at

168 hours.

Dependence of Deposit Formation upon Temperature
Individual sul fur compounds were added to 10 mls of Jet

A fuel at a concentration of 10 ug sulfur/ml fuel. Tripli- -

cate samples of each solution were incubated at 121°C, 130°C
and 135°C. Coverslips were removed and weighed at 24 hour

intervals and the experiment was terminated at 168 hours.

1
3




o ageiitratid storage tests as grivieu:ly
éiié?iﬁié at 1§i‘§ ang 135°C, and 1
iééié waTe g&ii*&ié ta éi&izﬂiai whether a dependence a!
sposit formation upon base strengt |
In spite of the previcusly identified cbstacles to

ngth existed.

determining absclute values of basicity, a relative order of
basicity was d&velcped far selected organosulfur spiking
feaageaads &satAsaagzsa of 1iqu;a aliphatic sulfides, di-
sulfides and thiols/mercaptans were analyzed on a Variin EM
360 (60 Mhz) proton NMR utilizing a 10% internal tetrameth-
ylsilane (TMS) reference. Neat liguid samples of these
compounds were then complexed with excess iodine, and again
run under the same conditiona on the proton NMR. The TMS
reference peak was superimposed with the TS peal. of the
neat unccmplexed plot, and the resulting difference in pro-
ton resonance chemical shift was measured. The single meth-
Ylene groué measured furthest downfield (greatest dsshield-

ing) was selected for standard shift measurement of each

compound tested.
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,WAAwﬁwwAA“M__ﬁmu_AABESQL , AND DISCUSEIOH

Thé slip technique was found to be a feasible Q%hﬁé; i
for measucing insoluble. deposit waight becauss the i.mia&;s
deposit that is produced adheres to the glass coverslips at
the temperatures and sulfur concentrations tested.

Results of accelerated storage tests run on all organo-

sulfur cdmpounds (10 ug sulfur/ml fuel) demonstrated that

all sulfides and disulfides inhibited the rate of deposit
formation and that all thiols/mercaptans and thiophene deri-
vatives jncreased the deposit rate. Table 1II and Figure
I1I show that deposition rate appears to depend upon the §
claqs of sulfur compounds. Values of triplicate sample ?

deposit weights are shown in Appendix A.

Dependénce of Deposit Formation upon Sulfur Concentration

The dependence of deposit formation upon concentration
of sulfur added to Jet A fuel is reflected in Table IV and
Figures IV and V. Values of triplicate sample deposit
weight are shown in Appendix B. Assuming that the amount of
deposit is directly related to the specific rate constant

for the rate decermining step, the slopes of the lines on a
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érgtsésul!ur Compounds

Salfﬁr/nl Jit A Puel)

135°C, 168 nrs, 10 ug

Compound. Mg _Deposit
n-Butyl sulfide N 294436
n=Pentyl sulfide 280229
n=-Butyl disulfids : 270426
n-Pentyl disullide 24813
iso-Pentyl disulfide 232223
1-Butanethiol 428222
1-Pentanethiol 393432
Benzenechiol 361446
p~Toluenethiol 372439
1-Naphthalenethiol 343229
Toluene-3,4 dithiol 414442
Dibengothiophene 404252
Control 322433

bl v Gt o
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TABLE IVs Dependence of Deposit Tormation upon Sulfur
. Concentration (121°C, 168 hrs)

lon

Bensenethiol - 1000 294421
n-Butyl svlfide 10 - 6843
 n-Butyl sulfide 100 6249
n=Butyl sulfide 500 4825
n-Butyl sulfide 1000 4116

Control -— 71410
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obtained fbr'benzengthipl; a cémpouﬂd th&tfhah been shown to

deposit versus sulfur concentration plot should reflect the

~ order of the reactions vith respect to the sulfur com= -

el

increase deposition ratb»ind n=butyl qqlfide. a ccﬁpéund

that has been shown to be a deposit inhibitor. The slopes

- for benzenethiol andfnhbﬁiyl sulfide are 1.06 and -0.16

respectibely. Benzenethiol appears tb have a reaction order

of one, within the error of the experiment.

An effort to describe the=iﬂhibitive effect of the

- alkyl sulfides as demonstrated by n-butyl shlfide's negative-

slope (-0.16) on the deposit vs. sulfur conceniration plot
(Figure VI) is offered. One possibility is that the sulfide
inhibitor reacts with available oxyger in direct competition

with the fuel/oxygen reaction to form a dep»sit precursor:

k
Jet A Fuel + 02 —J—OB
B——Z_pdeposit

where B represents an intermediate or deposit precursor and

I the inhibitor. A second possibility is that the inhibitor

acts upon the deposit as a solvent reducing the amount of

final insoluble product. Another possibility could be that

i it



»g Deposit

FIGURE VI

 Deposit Versus
Added Sulfur Concentration
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~ the inhibitor reacts 1mmediately upon mixing with the fuel

(i.e.. a simpla complexation reaction) and retards its abil-

ity to react with omygan and form the precursor leading to
insoluble fuel déposit. A finai pobsibiliﬁy is that thci

sulfide inhibitor :eactsrih a reversible reaction with the
precursor (formed hyioxidation‘of_thé fuel) to form a dif-
ferent soluble product, thus redu- ..y available precursor

for deposit formation.

In order to determine whether medhanism of inhibitor

‘depletion of available_oxygen'is probable, the number of

moles of O, and sulfur available in a closed storage test
container were calculated. During testing the sealed 147 ml
glass container had 10 ml of Jet A fuel and 137 ml of air in
it. Calculations were made for 100 ug sulfur/ml fuel, 25°C,
and 620 mm Hg pressure.

Number of moles O, in 137 ml of air:

137 1 air x L. mole ggs x 0.20 mole O 620 mm Hg .
. 1.00 mole aIr mm Hg
(molar vol. of

ideal gas at 9.14 x 1074 mole 0,
room temp.)




The molécular ratio of sulfur to 0, available in the cbn-

" tainer is approximately .0341. Thus, at a concentratior. of

10 ug sulfur/ml fuel (the concentration at which most exper-
imedtal'acéalerated storage tests were conpleted), the sul-
fur would consume approximately 0.341% of the 02‘available
in the container i~ a reaction mole ratio of 1:1 moles sul-
fur to moles oxygen was assumed. Unless one were to assume
an extremely high oxygen to sulfur reaction mole raiio.
there is insufficient inhibitor to effectively decrease 0,
availability. This strongly suggests that deposit inhibi-
tion by direct competition with the fuel for oxygen is not
likely.

The inhibitor reacting directly upon the fuel to retard
its ability to react with oxygen is also unlikely, because
it does not appear that the amount of sulfur should be
sufficient to significantly affect the fuel/oxygen reac-
tion. The lack of any apparent induction period for deposit

formation with any of the sulfur-containing spiking com-
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© not solubilise the defoait once It has been Tormed: Am
ppear prior to the inhibitor htzag
v o consumsd and insoluble écietit appearing.
| The remaining possibility ia a reaction nehcaiu in
' which the inhibitor reacts with the deposit precursor. A

"~ xinetic description of the deposition rate of this reaction
" mechanism is shown below with A representing Jet A fuel, B
an intomahtc dtposit procurmtr and I being the inhibi-

tor:
1. A+ 0,—des
2. B-—kz¢d._p¢nit
3. B+ I ~de ¢
X3

To define a kinetic equation for this mechanism, with step 1

as the rate detormining step, assume a steady state for B:

4[8] = 0 = x,[A(0,] - k,[B] - ky(BILI] + k_, [C]

at
(p] = X1[AJ0,] + x_,[C)
ana A[depveit) . ky(k,[A](0,] + x-3Ccl)
at ky # katl]
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———————— Mote that within this equation for the rate of deposition,

increasing [1] éieriastt.QLQQESQéﬁl-‘ This agrees with the

results for n-butyl sulfide which shows a negative slope on
the deposit vs. sulfur concentration plot (Figure VI).

The Arrhenius equation is utilized to ;xpress the

dependence of reaction rate upon temperature. It is
X = Aexp(-Ea/RT)

The specific rate constant is represented by k, and A is a
preexponéntial or frequency factor, and Ea is the activation
energy for the reaction (49,50,51). By plotting the logar-
ithm of k versus the reciprocal of temperature (1/T), the
slope of the resulting graph is -Ea/R (enthalpy related) and
the intercept is 1nA (entropy related).

The amount of insoluble deposit formed in 168 hours was
measured by the "slip" technigque at three temperatures -
121°C, 130°C and 135°C. The same relative order of result-
ing deposit weight was found at all three temperatures (see
Table III and Figure III). The narrow range of temperatures
selected was due to restrictions resulting from the amount

of insoluble deposit formed. At temperatures much below

it e il i




121°C, the formation of deposit was 80 slow that it would

e -have-been necessary to--considerably extend the experimental
 time periocd. At temperatures much above 135°C the validity

of the "slip® technique is placed in jeopardy because such a

great amount of deposit is formed that it bccomes suspended

in the body of the liquid as well as deposited on tha
vg1ip*. PFigure VIl shows the effects of temperature on the
deposit weight in banzenethiol and n-butyl sulfide spiked
fuel at 121°C,; 130°C and 135°C for 168 hours. Triplicate
values of sample deposit weight at all three temperatures
Qre shown in Appendices A, B ahd C.

Measurable deposit was formed by the time that the
first deposit measurement was taken {at 24 hours). VNo *induc-
tion periods" (initial periods during which deposit forma-
tion is delayed) were observed with any compound tested at
any temperature. Such an induction period would be antici-
pated if the reaction of the sulfur compounds with oxygen
was more rapid than the rate of deposition. The lack of an
induction period was considered to be surprising particular-
ly with sulfides, since certain sulfides are often used as
antioxidant additives in fuels (52).

Bol'cl.akov et ul. tested the additive effects of longer
chain alkyl sulfides such as octyl sulfide at weight per-

cents of sulfur from 0.0> t0 0.2 in jet fuels. As tempera-
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tﬁtun increased from 150°F-=300°'F deposit weight was found to

deécrease (52).

Table V lists resultant amounts of deposit at the three

chosen accelerated storage temperatures for a number of
other sulfur compounds. 1Two important assumptions are nec~

essary before conclusions can be drawn from these Afrhenius

plots. First, it must be assumed that the deposit weight is

'related to the specific rate of deposition. Secondly, it

must be assumed that the rate of deposition reflects the
rate of the controlling step of the overall reaction
mechanism.

Arrhenius plots for fuel samples spiked with selected
sulfur comg?unds and a control fuel sample are shown in
Figure V%i?é; The slopes and intercepts for all of compoundy
tested aggtiﬁbulatgg in TableVVI by a least squares computa-
tion. The slope (-Ea/R) for a reaction with a “promoter"
present should be smaller than the slope for a control reac-
tion. Table VI shows that the thiols and thiophenes tested
have smaller slcpe values than the control while sulfides
and disulfides rave a greater slope. It can be seen that
the slope of the Arrhenius plot for each sulfur-spiked fuel
sample increases as efficiancy for promoting deposit forma-

tion decreases. Although there appears to be a significant

difference in rate of deposition between esulfur compound

R
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’ TABLE Vi Effects of Sulfur w on Deposition froc
e Jet A-{10 v sulfur/ml fuel added, gﬂ; 168 hours
st indicated tempsratures)
Control (No spike) 71210 191223 322433
Toluene-2,4 Dithiol 11010 249129 414242
5 Dibenzothiophens 104113 243223 404252
1-Pentanethiol 94127 233229 29333
p~Toluenethiol 87£13 - 372239
& Benzenethiol 84419 "ﬁ 214426 361446
1-Naphthalenethiol 87 o -m 343429
n-Butyl sulfide 6813 172426 294:]:36
& n-Pentyl sulfide 62£13 159£16 280229
n-Butyl disulfide 5546 156413 270426
n-Pentyl disulfide 4943 133126 248213
' i-Pentyl disulfide 42410 123216 232423
’
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FIGURE Vil

Temperature Dependence
of Sultur Compound Effects
(Arrhenius Piot)

g/mm?x 107

21-- TOLUENE-3,4-DITHIOL
# THIOPHENOL

e CONTROL (JET A)

o BUTYL SULFIDE

4 1ISOAMYL DISUFIDE

i J
2.46 2.48 2.80 2.52 2.54
1000/°K

i
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TABLE VI

Data from Arrhenius Plots
(Least Squares Computation)

TOLUENE-S,4-DITHIOL 1828 2378  ~-.0993

DIBENZOTHIOPHENE 18.72 24.92 -.9898
AMYLMERCAPTAN 16.49 20.78 -.9997
p-TOLUENETHIOL 16.67 27.18 -.9999
BENZENETHIOL 16.88 27.80 ~.9999
1-NAPHTHALENETHIOL 17.18 28.28 -1.000
CONTROL 17.30 28.77 -.9999
n-BUTYL SULFIDE 16.93 27.668 -.9998
n-AMYL SULFIDE 17.28 28.30 -.0098
n-BUTYL DISULFIDE 18.02 30.14 -.9099
n-AMYL DISULFIDE 18.82 31.27 -.0902
i~AMYL DISULFIDE 19.48 33.87 -.9993
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classes, the differences as illustrated by Arzhenius giets
are consideradly less proncunced than those EiAiﬁliﬁﬂﬂls
n:pnringntagyithAnitrngnn,hntn:ncy:lig_ge-paﬁaﬂ;mﬂamﬁlr*

by Worstell. Furthermorse, in contrast to tatait: gtt:iaté
with organosulfur compounds, Worstell iaaaé th £+ 7
for sach nitrogen spiked sample iucritaia as f&i'i?fiﬂieﬁeg
for promoting deposit formation increased (53).

It is 2dvantagecus to investigate vhethar the eppear-

@.
5

ance of the deposit changes with respcct to the temperature
at which the sxperiments wsre conducted. Linsarity of
Arrhenius plottings withirn the temperature range selected
suggests that there is no significant change in tha resction
mechanism. Fhotaaicfogra;hg (45:1) were taken of insoluble
deposit formed on glass coverslips in several sulfur-spiked
Jet A fuel samples tested at 121°C and 135°C for 168 hours.
The appearanne of the deposit doss not apnear to change
significantly with the different temperature *“est condi-
tions. In Pigure X and Pigure XV the deposit from a con-
trol sample run at 121°C and 135°C respectively reveal
small, biack dentritic (thread-like) narticles. Pigure X
shows the deposit formed in a fuel sample spiked wlth n-
butyl sulfide at 121°C. The particle formation is very
similar ~ only slijhtly lighter in texture. n-Pentyl sul-
fide spiked fusl at 121°C (Pigure XI) apears virtually the
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FIGURE XI: Jet A Fuel Spiked with n-Pentyl Sulfide and
Stored at 121°C, 1€8 hours.

FIGURE XI1: Jet A Fuel Spiked with iso-Pentyl Disulfide
and Stored at 121°C, 168 hours
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FIGURE XIII: Jet A Fuel Spiked with Toluene-3,4 dithiol and
Stored at 121°C, 168 hours

“

FIGURE XIV: Jet A Fuel Spiked with Dibenzothiophene and
Stored at 121°C, 168 hours
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FIGURE XV: Jet A Fuel Stored at 135°C. 168 hours

FIGURE XVI: dJet A Fuel Spiked with n-Pentyl disulfide and

Stored at 135°C, 168 hours

—
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FIGURE XVII:

FIGURE XVIII:

Jet A Fuel Spiked with Benzenethiol and
Stored at 135°C, 168 hours

Jet A Fuel Spiked with duinoline and Stored
at 135°C, 168 hours
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same as n-butyl sulfide, as does the iso-pentyl disulfide

spiked sample at 121°C {Figure XII). Indeed all three

appear much like the eonﬁfplﬁwith deposit forming somewhat
less densely. Samples spiked with toluene-3,4 dithiol (Fig-
ure XIII) and dibenzothiophene (Figure XIV) at 121°C also
have a similar appaaranczﬂ(finé black particles), though
deposit formed more densely than the control. At 13§'c
deposit formed by n-pentyl disulfide spiked fuel sample
(Figure XVI) is less dense and the benzenethiol spiked
sample (Figure XVII) more dense than the control sample at
135°C. And yet all photographed samples remain very similar
in appearance. This is in contrast to the depcosit formed in
the heterocyclic nitrogen spiked samples observed by
Worstell. Some nitrogen samples appeared simildr to those
spiked with sulfur compounds and others had an amber liquid-
like appearance within the same temperature range (54).
Results obtained from sulfur-spiked samples would tend to
support the hypothesis that the deposit does not change in
appearance within the selected temperature range and
probably there is no change in the reaction mechanism as

well.
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Dependence of Deposit Formation upon Base'Str-ngth

Proton NMR resonance chemical shift change resulting

from complexation of n-butyl sulfide and n-pentyi sulfide
with I, are illustrated in Figures XIX through XXII.

The apparent downfield change of shift reflects the
effect of reduced electron density (deshielding) around the
hydrogen nucleus. In this case, the specific methylene peak
being looked at results from the electron density around the
hydrogen bonded to the carbon immediately adjacent to the
sulfur atoms in each compound.

Inductive effects result from the donation of the non-
bonding electron pair from the sulfur atoms of individual
sulfur spiking compounds. This electron pair donation oc-
curs as sulfur complexes with more acidic I,. As'sulfur
donates electrons to I,, its electron density decreases -
increasing its electronegativity. Sulfur's increased elec-
tronegativity results in it "pulling" electrons towards
itself from the carbon bonded to it, causing the carbon to
become more electronegative. In turn, increased electrone-
gativity of the carbon atom pulls electrons from the hydro-
gen bonded to it - reducing electron density around the

hydrogen nucleus (see diagram below).
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Iz

The fact that all sulfur compouﬁdl were tested neat on
the FNMR may be coﬁsidurcd a most significant factor to the
resnlting chemical shift data. Results may have bcén al-
tered to some degree had a standard solvent been utilized in
which all sulfur samples were soluble.

The deshielding effect of the reduced electron density
around the hydrogen nucleus registers as a downfield shift
dhadg§ on the INMR plot. Thus, Lewis basicity is reflected
on the PNMR plot as a downfield shift change ghen comparing
the neat sulfur compound and the compound complexed with I,
(55). Expanded sweep width (1 ppm) measurements of the
single methylene peak are illustrated in Figures XX and
XXII. Such expanded sweep width facilitated shift change
measurement and interpretation.

n-Butyl sulfide has a change in shift of 10 cps and n-
pentyl sulfide shift change is 4 cps. 1Identical tests were
successfully completed for all aliphatic sulfides, disul-
fides and thiols available. Shift measurement for all aro-
matics, though attempted, were negligible even with an ex-

panded sweep width of 1 ppm. Jt is suspected that this is a
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FIGURE XIX

PNMR Plot of n-Butyl Suifide Shift Change
(5 ppm Sweep Width)

n-BUTYL SULFIDE
COMPLEXED w/ I,

P

n-BUTYL
SULFIDE
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FIQGURE XX ,
-PNMR Plot of n-Buty! Sultide Methylene
Peak Shitt Change
(1 ppm Sweep Width)
L ) ) ' B -
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FIGURE XXI

PNMR Plot of n-Penty! Sultide
~ Shift Change
(5 ppm Sweep Width)

.

n=-PENTYL SULFIDE
COMPLEXED /w |,

n=PENTYL
SULFIDE

it

.
.m’.m.J. il
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FIGURE XXM

PNMR Plot of n-Pentyl Sultide Methylene
Peak Shift Change
(1 ppm Sweep Width)

54
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result of the additional effects of "ring currents”. 8Such a

phenomenon is due to the circulation of v electrons around
the orbitals of an aromatic ring induced by the externally
applied magnetic field (36). The aromatic sulfur molecules
therefore possess an excess magnetic susceptibility in the
direction nerpendicular to the plane of the ring over that
parallel to the plane (57). The secondary magnetic field
due to a ring current is opposed to the externally applied
field such that protons located inside the ring are shielded
while protons outside the ring are deshialded. The degree
of shielding is dependent upon the density of r electrons in
the ring (56). Ring current effects offset the smaller
inductive effect which may account for reduced shift change.

tqual concentrations of sulfur (10 ug/ml Jet A fuel)
were utilized for accelerated ¢ ige tests. Therefore
differences in rate of deposit format:ion were suspected to
be a result of chemical differences at the sulfur atom.

With the exceptinn of the aliphatic disulficles, the
measured relative order of chemical shift reflects little
disparity when compared to a suggested ranking order of
pKa's (Lewis basicity) provided by D.D. Perrin. These pKa
values are based on analogous compounds of oxygen and nitro-
gen, and shown in Table VIi (58). The pKa of tetrahydrothi-

opt.ene is given by ArnettL st al. via solvent extraction
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Table VII: Suggested Basicity Order ard Mal. Mife
Changs Measurements (58). - :

————— ——— Suggested pKa Order a-mum huigigz i
Tetrahydrothivphene (-5.0,-7.0) :

n=Butyl sulfide
n-Hexyl sulfide
1-Butanethiol

Tetrahydrothiophene (16) n-Butyl disulfide (3)
n-Ethyl sulfide (14) 1-Butansthiol {2)

n-Butyl sulfide (10) iso~Pentyl disulfide (2) -
n=-Pentyl sulfide (4) l-Pentanethiol (1)
n=-Pentyl disulfice (4) Benzensthiol (0)

1-Propanethiol (3)
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methods as being approximately =5.0 (59). Using this value

as standard, absolute values of pKa could possibly be

assigned to all shift heapurements determined. However,
thiq couid'easily prove inaccurate. First because another
absolute pKa value needed to standardizg Shifﬁ measurements
is not availaéle. Sécondly. more recent pKa value estimates
for tetrahydfothiophene (—?.0) by Scorrano conflict with
Arnett's mesurements (40,44). ~rurthermore, there .is no
immediate need to establish actual pKa vﬁlues. as shift
measuréments can reveal whether a basicity-deposit formation
relationship—exisgs.

Thds, the X@QLCity order of aliphatic sulfides and
thiols correspond to the sequence suggested by Perrin. The
disulfides, however, do not. If basicity is key to the
mechanism of organosulfur compounds in jet fuel, then the
reaction of disulfides in fuel appears to occur by a totally
different mechanism. Although the basicity of the sulfides
and thiols appear to decrease with increasing aliphatic
carbon chain length, the reverse appears tc¢ occur with the
disulfides. Without testing additional aliphatic disulfides
it is impossible to confirm an order of basicity.

Table VIII provides a list of aliphatic sulfides, di-
sulfides and thiols with values of measured chemical shift

and deposit formacion in Jet A fuel at a storage temperature
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of 121°C for 168 hours. The dependence of deposit formation

“upon basicity (chemical shift wmeasurement) at 121°C is il- .. _

lustrated in Figure XXIII.

For the éntire selection of sulfur ﬁases. no correla-
tion is found. ‘waever, within the sulfide‘compound class
excluding téfrahydrothiophene_a correlation coefficient of
+9944 was calculated, and the correlation cdefficient for
the aliphatic thiols was .9643. Table IX lists the least
squares computation of slope, intercept and regression coef-
ficient for each compound class as well as overall computa-
- tions.

Insoluble deposit veréus chemical shift change plots of
sulfides excluding tetrahydrothiophene and of thiols are
consistent with base catalysis as expressed by the Bronsted
equations if ug deposit is taken as a measurement of speci-
fic rate. Due to its molecular structure, the reduced ster-
ic hindrance at the sulfur atom of tetrahydrothiophene com-
pared to alkyl sulfides may cut down the amount of entropy
loss in forming a complex with I,. Such an effect would
have resulted in an increased shift change evaluation though
not necessarily increased relative basicity. This occur-
rance is offered as a possible explanation for an absence of
correlation with tetrahydrothiophene on the sulfide log

depos.t versus change in chemical shift plot.
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TABLE VIII: Chemical Shift Thange and Jet A Fuel Storage
Test Deposit Weight Values !121'0, 168 hrs,
10 ug sulfur/ml fuel) T

Chemical
Compound Deposit {ug) Shift Change
Tetrahydrothiophene 65+10 16
n-Ethyl sulfide 706 14
n-Butyl sulfide 6843 © 10
n-Pentyl sulfide 6213 4
n-Butyl disulfide 5546 3
n-Pentyl disulfide 4913 4
iso-Pentyl disulfide 42110 2
1-Propznethiol 10023 3
1-Butanethiol ' 97116 2
l1-Pentanethiol 9417 1
Benzenethiol 84119 0

Control 7110 -
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"FIGURE XXl

Jet A Deposit Weight (121°C) and
PNMR Chemical Shift Change

S =n-BUTYL SULFIDE
AS = n-PENTYL SULFIDE
E =n-ETHYL SULFIDE

Te = TETRAHYDROTHIOPHENE
ALIPHATIC —

2.00- Pt NAD = n-PENTYL DISULFIDE
Bu IAD = iso-PENTYL DISULFIDE
Am

Pt = 1-PROPANETHIOL
Bu =1-BUTANETHIOL
Am =1-PENTANETHIOL

= 1.90-

/]

o

a

o SULFIDES w/o
a Te

o 3 _

; —— SES W/

o SULFIDE Te

8D0¢2
®
¢
it
°
1.70 -
NADY O
1AD
160 __ .

T 2 3 456 7 8 01011 121314 1516 17 18
Change in Chemical Shift (CPS)
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TABLE IX: Data from Deposit Weight and Chemical Shift

~ Change Plots (Least Squares Computation)

‘Compound Class A ~ Slope Intercept
Aliphatic 'Thiols .0150 1.957
Aliphatic Sulfides _
(w/ Tetrahydrothiophene) .0029 1.789
Aliphatic Sulfides

(w/o Tetrahydrothiophene) .0061 1.767
Aliphatic Disulfides .0350 1.578
All élasses (cqmbined) -.0016 1.838

- Regression
Coefficient

« 3429

+ 9944
.3372
.0045
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Published results of relative deposition rate in fuel

oils and jet fuel spiked with sulfur-contairing compounds .
are shown in Table X. These resulﬁs,aro comparod to deposi-
tion results in Jet A fuel at 121°C-135°C and 10 ug sulfur/-
ml fuel. It is 1mportaht to realize that though many con-
tradictions appear the test conditions vary widely. The
experiments with Jet A are the only tests knbwn, other than
Worstell's, to have been completed with less than 100 ug
sulfur/ml fuel (8). An accurate comparison of data under

widely varied sets of test conditions is most difficult.
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CONCLUS IONS

In brief review of results obtained, the following

observations were made:

1. There exists a significant difference 1n-e££ect on
daposition ratd between sulfur compound classes.

2. Alkyl sulfides and disulfides inhibited deposition
rate in Jet A fuel during accelerated storage stability
tests.

3. All thiols and thiophene derivatives tested in-
creased deposition rate in Jet A fuel.

4. Effects were less pronounced with organosul fur
spiked samples than with analagous experiments with nitrogen
compounds .

5. No induction period was observed in deposit forma-
tion for any sulfur-spiked samples at 121°C, 130°C, or
135°C.

6. The slope of increased concentration of an
inhibiting alkyl sulfide versus deposition rate is negative.
7. Arrhenius plots appeared linear within the 121°C-

135°C temperature range.

8. Slope of the Arrhenius plots for each sulfur-spiked
sample increases as efficiency for promoting deposit forma-

tion decreases.



o

_all samples tested at 121°C, 130°C and 135°C.
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9. Deposit appeared as small dentritic particles for

The following conclusions are made from the acquired exper-
imental results: :

o 1. The concept that the mechanism of deposit formation
invclves autoxidation of sulfur reagents is not supported.

2. Rate of deposition is a function of the concentra-
tion of individual sulfur compounds.

3. Rate of deposit formation for organosulfur spiked
Jet A fuel samples decreases with increased activation enef-
gy as related to the slope of Arrhénius plots.

4. Alkyl sulfides and alkyl thiols influence the for-
mation of insoluble deposit through base catalysis.

5. The inhibiting mechanism of alkyl sulfides is a
result of sulfur's reactivity with intermediate soluble
precursors to deposit in Jet A fuel.

A great deal remains unresolved concerning the actual
mechanism by which sulfur compounds influence irsoluble
deposit formation in Jet A fuel. Determination of absolute
basicity measurements of many of the weak organosulfur bases
might provide the opportunity for greater understanding of

the character of the mechanism's transition state.
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_Further experimentation wit.h additional alkyl disul-

fides analogous to those completed may provide more 1n!orm-
tion about the apparent mechanistic differencas with which
thoy influence :.Ancolubln' depoeit in Jet A fuel.

Accelerated storager tests ut;t«lizing deposit inhibi.ting
and deponi.t ,promoting st:lfur compcynéc previwoly tested

e@uld be camp_leted in the model systeém of dodecane and
tetralin developed by Worstell (8). A test of this nature
should orovide further insight into the mechanism by which

the sulfide inhibitors retard deposit:formation.

BT TR G T A S
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A. Triplicate Sample Deposit Weight Values (ug deposit) at

135°C and 10 ug sulfur/ml Jet A Fuel

Spiking Compound

n-Butyl sulfide

n-Pentyl sulfide

n-Butyl disalfide

n-Pentyl disulfide

Isopentyl disulfide

1-Butanethiol

l1-Pentanethiol

Benzenethiol

p~Toluenethiol

l1-Naphthalenethiol

Toluene-3, 4-dithiol

Dibenzothiopheie

Control

}4 hrs

57
60
75
52
63
65
49
51
68
41
57
58
40
44
54

137

141

160
92

120

124
82
85

109
98

104

108
76
79
91

119

140

143

110

114

142
65
84
88

72 hrs

140
165
169
129
158
163
125
135
166
109
140
147
102
128
136
245
250
297
203
243
250
174
216
223
197
200
239
164
201
2¢5
230
239
287
214
255
263
163
171
206

168 hrs

241
310
331
253
263
324
231
281
298
229
257
258
198
240
258
404
419
461
368
37)
441
293
393
397
314
401
401
318
324
387
351
438
453
361
369
482
295
299
372
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B. Triplicate Sample Deposit Weight Values (ug deposit) at

121°C and 10 ug sulfur/ml Jet A Fuel

Spiking Compound

Tetrahydrothiophene

n-Ethyl sulfide

n-Butyl sulfide

.n=-Pentyl sulfide

n-Butyl disulfide

n-Pentyl disulfide

Isopentyl disulfide

l1-Propanethiol

l1-Butanethiol

l1-Pentanethiol

Benzenethiol

Toluene-3, 4-dithiol

Dipenzothiophene

p-Toluenethiol

24 hrs

13
14
18
15
15
18
13
17
18
12
13
20
10
14
15
10
13
13
9
10
14
17
23
26
17
19
27
14
22
24
16
17
21
15
23
31
19
23
24
15
18
24

72 hrs

29
39
43
34
38
45
32
41
41
32
36
37
27
34
35
23
29
35
23
24
31
47
53
59
48
42
60
39
54
57
37
50
51
50
58
66
48
56
58
40
45
56

168 hrs

53
62
80
61
74
75
73
65
66
42
68
76
49
51
65
46
417
54
32
37
57
76
20
134
73
106
112
84
97
101
60
79
113
95
116
119
91
97
124
67
87
107
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Appendix B: Continned

l-Naphthalenethiol

Control

17
17
20
14
17
20

37
42
47
35

48

74

67

85
60

86
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C. Triplicate Sample Deposit Weight Values (ug deposit) at
130°C and 10 ug sulfur/ml Jet A Fuel

Spiking Compound 24 hrs 72 hrs 168 hrs

n-Butyl sulfide 29 81 151
35 84 154

: 41 99 211

n-Pentyl sulfide 27 68 135
34 82 166

35 96 176

n-Butyl disulfide 24 62 142
34 84 150

38 91 176

n-Pentyl disulfide 24 64 94
27 65 145

30 78 160

Isopentyl disulfide 25 53 99
25 64 131

28 75 139

Benzenethiol 38 90 188
45 117 201

49 123 253

l-Pentanethiol 39 105 189
48 125 251

57 130 259

Dibenzothiophene 41 105 219
52 126 233

57 147 277

Toluene-3,4-dithiol 47 112 205
49 132 265

60 143 277

Control 31 86 171
39 103 177

47 105 225
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