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Introduction

In earlier publications it wss suggested "thst the formation of insolubles during atorage
of an unstable UK middle distillate fuel was ciused at least lp psrt by reactions of the
chemical species indoles, phenalenes and sclds '~. The purpose of this present study

was to determine whether reactions involving these species contributed to the storage
instebility of middle distillste fuels from quite different sources and to investigste the
extent of correlation between fuel chemical composition snd observed fuel atorage
stability.

The reaction sequence previously proposed is illustrated schemstically in figure 1. The
oxidation of phenalene and its alkyl homuloguss to the corresponding phenalenone species
hss been shown to occur both in model systems and in middle distillate fuels

containing light cycle oils”. The formation of indolylphenslenes, indolylphenalenones
and 'indolylphenalene/acid salts' by acid promoted reactions of indoles and phenalenones
has also been demonstrated by the isolation 05 Zhgse species both from model systems and
from unstsble fuel contsining light cycle 0il”’ ’”, The role of acid in these

reactions is not clearly understood. However it is known that at lesst cstslytic amounta
of acid are required for indoles to resct with phenslenones snd there is some

evidence to suggest that acids becoge incorporsted into the most polsr components of
insolubls fuel degrsdation products .

The signficance of this chemiatry with respect to the stsbility of middle distillste fuels
produced in Austrslian refineries has been investigated. The concentrstions of
phenelenone snd alkylindoles were determined before ond after storsge of fuel ‘ssmples for
13 weeka at 43C. Insoluble fuel degradation products were anslysed by thin layer
chromatography snd compared with ingolubles formed by degradation of fuels from UK
sources.

Experimentsl

Fuel samples were supplied directly from Australian oil refineries and generally consisted
of one of five refinery stream types; straight run distillste (SRD), light cycle oil
(LC0), hydrotreated light cycle oil (HT-LCO), hydrotreatment unit feed (LCO/SRD) or
hydrotreatment unit product (HT-LCO/SRD). The samples from each refinery were combined to
produce 12 blends containing 70% strsight run distillate and 30% crscked componenta. The.
blend compositions sre listed in table 1. Aliguots of both blended snd unblended
components were stored at -12C to minimise degradation before testing and snalysis.

The stability of the blends was asaes;ed by storage of 1 litre sliquots of fuel at 43C for
13 weeks, following the method detsiled in ASTM D4625. Tests were carried out in
-duplicste. Filtersble insolubles were determined using glass fibre filters (Millipore
AP40). Adherent insolubles were determined by hotplste evaporation of gum solvent
washings contained in disposable aluminium dishes. The chemical nature of insolubles
formed during the storsge tests wae sssessed using thin layer chromatogrsphy (silica gel
stationary phase, 10% methenol in dichloromethane mobile phase). The concentretion of
phenslenone was detsrmined using normal phase HPLC with UV detection at 384nm’. The
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detection 1lmit for phenalenone was 0.5umol/l with repeatability of +/- 10%. The relatlve
concentrations and distributions of slkylindoles were determlned by a procedure whlch
involved fractionation of fuel samples over silica gel, followed by addition of an
internal standsrd (l-methylindele) and finally GC enalysis with nltrogen spacific
detectlon.

GC peaks cgrgespondmg to alkylindoles were identlfied by reference to the published
1lterature '~. The relative concentration of alkylindoles in the fuel blends was
calculated by sssuming an equal detector response for all isomers and homologues. Thia
method can also be used to determine the distribution and concentration of carbazole and
ite alkyl homologues.

Results and Discuasion

Tha stability of the 12 fuel blends wes sssessad by storage at 43C for 13 weeka. This
test le widely believed to provide a realistic accelerstion of degrada}bm proceagses which
occur st temperatures typically encountered in fuel storage facilitiea” . The

rslatively mild test conditions are conaidered to be approximately equivalent to one year
of fuel storage st 18C to 24C. The results of this test are given in table 1. The
filterable end adherent insolubles, produced during the etorage period by sll but the moat
stable fuele (samples 8,10,12,14), were snelysed by thin leyer chromatography and compared
with insolubles produced during etorage of unstable UK fuel. The lffl Emn and
characterisation of the UK insolubles has been described previously The
chromstographic charecteristics of the UK and Australian insolubles (both filterable and
adherent) were found to be very similar. Subtle differences were noted esmongst the moat
polar sediment componenta, but the degree of variation was within that previously observed
for insolublee from different UK sources. Whilst not conclusive in itself, the similsr
characteristica of these fuel degradation producta provided a positive indication that
they may have been formed by common chemicsl processes,

The effect of chemicel composition on observed fuel stebility was sddressed specificslly
in terms of the concentration of species highlighted in figure 1. According to this
reaction scheme, unstaeble -fuele would be expected to initislly contain both phenslenes and
indoles, with the concentretion of phenslenones, indolylphenalenes and further reaction
products (including insolubles) increasing with time. The scidic epecies required to
promote these reactions may be present initially or msy be produced during fuel storage.
Stebla fuele would be characterised by the sbeence of one or more of these chemical
species.

In order to test this line of reasoning, specific chemicel analyais wss carried out on the
fuel blends before and sfter thermsl etress. The initial presence and subsequent
reduction in concentration of phenslenes could have baen determined in ong of two ways;
either directly, using reversed phase HPLC with electrochemical detection , or

indirectly by determinetion of increasing phenslenone concentration using normal phase
HPLC with UV detection. For simplicity of analysie, the latter spprosch wae adopted in
this study, with messurements being carried out before storage, after storage for 16 hours
at 100C (to provide an initial indication of phenalene/phenalenone conteﬁt) and after
stora@ for 13 weeks at 43C. The results quoted in tsble 2 relate only to the
concentration of the single especies phenalenone. The totsl concentration of phenslenone
species (alkyl- and benz- derivatives) in the fuele samples would of course have been
higher. In sddition it should be noted that ths meesured concentrstion of phenslenone was
consiatently lower than the initial concentretion of phenslene. Previous work has ehown
thet phenalene ie not quentitatively converted to phenalenone”. The total

concentrstion of elkylindoles wss determined in s limited number of the fuel eamples
before end after the 13 week storege test. The results of these measuremente sre given in
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table 3. The remaining key speciea highlighted in the resction acheme, nemely acids, were
not determined in thia study.

The results of the storage testa, given in table 1, showed that the fuela tested covered s
wide range of stability.

Four fuels (samples B8,10,12,14) proved to be extremely stable, all producing less than
1mg/l of total insolubles and not dsrkening in colour beyond 1.5 ASTM D1500 colour unite.
None of these fuels formed significant gquantities of phenalenone during storage,
indicating the virtual if not complete sbsence of phenslene species. The concentrations
of slkylindoles in two of theee samples were determined. Semple B initislly contained
alkyllndolea at a concentration equivalent to 0.19mmols of l-methylindole, and no
aignificant reduction in concentrstion was observed during the storage period. The
concentration of alkylindoles in semple 10 was an order of megnitude lower then in sample
B, essentislly st the detection limit of the method. Again no significant change in
concentration was detected during the storage period. The behaviour of these fuels was
therefore entirely consistent with the resction scheme illustrated in figure 1, ie. stable
fuels charecterieed by the sbsence of ome or more of the key reactive apecies, phenalenes
in the cese of semple 8 and both phenalenes and indolea in the case of ssmple 10.

The four very stable fuels (8,10,12,14) all contained hydrotreated light cycle oil
blending components. The beneficial effect of hydrotreatment on fuel stebility is well
known. This improvement in stebility on hydrotrestment was clearly shown by the storage
teat results for the matched fuel pairs 7/8, 9/10, 11/12 end 13/14, where in each caae the
first aample contained light cycle oil and the second sample contained hydrotreated light
cycle oil. The effect of hydrotreatment on the chemical composition of the fuel samples
wes aleo consistent with the observed improvement in stability. All the light cycle oil
ssmples produced phenalenone during thermal stress, indicating the initial presence of
phenalene species. However these species were removed during hydrdtreatment to produce
the stable ‘phenslene free' fuels discussed previously. The effect of hydrotreatment on
the initial alkylindole concentration wes found to be vsrisble. The light cycle oil
samples all contained alkylindoles. There was no significant reduction in the initial .
concentration after hydrotreatment for semple pair 7/8, but 8 25 fold reduction was noted
for sample pair 9/10, indicating the use of much more severe hydrotreatment conditions.

The remaining fuel which contsined hydrotrested light cycle oil was asmple 16. Despite
the hydrotreatment, this fuel was found to be moderately unsteble, producing sbout 8mg/1
total insolubles and darkening significantly in colour during the storage period. It
produced low but significant levels of phenalenone during storage, thus indiceting the 1
initiel presence of phenslene speciea. The alkylindole content of this fuel was not
determined. However it is reasonable to asssume that alkylindoles were present, since !
high levels of alkylindoles were detected in fuel conteining light cycle oil from the seme
rafinery (sample 15) and it is unlikely that hydrotrestment conditions which left low
levels of phenalene species would significantly reduce the concentration of alkylindoles.
In addition, the insclubles produced during degradation of both samples 15 snd 16 were
cleerly shown by TLC to be of the same type ea those produced by fuels thought to follow
the chemistry outlined in figure 1, which of course requires the presence of alkyindoles.

Other fuels which were found to be of similer stsbility to semple 16, producing 5 to
12mg/1 totsl inaolubles, were ssmples 6, 7 and 13. All these fuels contained light cycle
oil and initially contained alkylindoles end phenalene species. The initial concentration
of alkylindoles in sample 13 could not be measured because the fuel contained a high level
of ‘'unidentified' nitrogen compounds which co-eluted and effectively masked the presence
of alkylindoles. Thia was the only sample examined which contained theae compounds.
Further work is required-in order to identify these species and investigste their
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aignificance. The initial presence of phenalens species in sampha 6, 7, 13 and 16 was
indicated by formation of significant amounts of phenelenone (more than $pmol/1) after
atreaa of the fuels at 100C for 16 hours with the measured level increasing further during
the 13 week storage period. The amount of phenslenone present at the end of the 13 week
storage test ranged from 10umol/1 for sample 16 to 230pmol/l for semple 6. This
variation, which presumsbly also reflected differences in initial phenalenes
concentration, clesrly demonstrated that the degree of fuel instability cannot neceasarily
be extrapolated simply from the level of phenalene species. lndeed it is also worthwhile
noting that the quantity of phenslene species and alkylindole speciea estimated to be
present in fuel insolubles was always amall in comperison to amounts potentislly available
in fuel solution. For example sample 15 produced aproximately 56mg/l of sediment but st
the end of the storage period it still contained about 95mg/1 alkylindoles and 35mg/1
phenalenone (totel phenalenones concentration would be several times this level). This
observation tended to support previoua conclusjons that, given the presence of indolee and
phenalenea, tge amount of insolubles formed during storage is limited by acid
concentration .

The fuels which proved to be the most imstable during the the 13 week storage period were
samplas 5, 9, 11 {each producing asbout' 18mg/1 total insolubles) and sample 15 (producing
about 56mg/1 total insolubles). Chemical analysia of these samples indicated the presence
of comparatively high levels of phenalene apeciea end alkyiindolea, consistent with their
obaerved instability. Examination of the individual SRD and LCO components used in
blending of sampies 5, 9 and 15 showed as expected thst phenalene species snd slkylindolea
originated entirely from the LCO components.

Significant reductions, >0.05mmol/1, in the overall concentration of slkyindolea were
noted for the unstable fuel samples 5, 6, 7, 9 and 15 {concentration changes for the other
two unstable fuels, semples 11 and 13 were not determined), thus providing strong evidence
for reaction of alkylindoles during fuel storage. Theae changes represented reductions of
between about 20% and 60% of the-total initial aikylindoles concentration, The lergest
proportionate decrease was noted for the moat unstable fuel, sample 15, and the smallest
decreass for the most stable of these fueia, sample 7. Detailed examination of
chromstograms showing the distribution of indolea in these aged fuel samplea revealed that
in all ceses the concentration of certain isomers and homologues had decreased more than
others. Figure 2 shows the chromstographic distribution of slkykindoles in sample 15
before and after aging. Very similar profiles were obtained for semples 5, 6, 7 and 9.
Dorbon and Bernasconi~ have also recently noted that the distribution of alkylindoies

in light cycle oiis chsnges during aging at 43C. In all cases the decrease in
alkylindoles concentrstion during aging was grester than the quantity of these apecies
estimated to have been incorporated into the insolublea collected st the end of the
storage period. The amount of alkylindoles unsccounted for ranged from 3 to 10 times the
amount estimated to be contained in the insolubles. The shortfall was probably associated
with involstile but soluble fuel degradation producta, such as for example thi ésediment
precursor' compounds, indolylphenalenes, referred to in previous publications '’ .

Soluble fuel degradastion products of this type almost cartainly contribute to 'fuel
solubls gﬁm' which may lead to deposita on hot engine and fuel system componenta.

Summary snd Conclusions

The thin layer chromatographic characteristics of insolubles formed during storage of
unatgble middle diatiliate fuels from Australisn refineries were found to be very similar
to thoase of insolubles produced by the degradation of unstable fuel from UK sources,
indicating that they may have been formed by similar chemical processes. All fuels which
subaaquently proved to be unsteble during atorsge initially contsined both alkylindole and
phenalene species. Stable fuels were characterised by the absence of one or both of theaa
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compound types. Phenalenes were either removed entirely or their concentration
significantly reduced by hydrotreatment, which had the expected effect of improving fuel
atability. 1n one caae the initial concentration of alkylindoles was signiricantly
reduced by hydrotreatment, but in ali otner cases no concentration cnange was noted. The
reactivity of alkylindoles in unetsble tuela was demonstrated by reuuctinga in their
overall concentration during fuel storage. In line with previous reports”, tne
oiatribution of aikylinaole ieomers and humoiogues wss ubavrved tu chunge during fuel
storage, indicating differences in reactivity emongst the species. Whilst the reeults of
this atudy ahow that the absolute emount of insolubles formed during a storage period
camnot be correleted directly with the concentretion of alkylindole and phenalene apecies,
1t ia clear that the stable fuels were cherscteriaed by the absence of one or both of
theee species ana that both speciee were present in eil tne unstsble fusls. Theee results
theretore illustrate tne potential for application of chemical methods to differentiste
between steble sno unstable fuels. However other tactors clearly need to be consigersd
when assessiny the degree of tueir instability. From a chemical viewpoint, tvuei acadity
ano fuel acidity potential are known to be important. Further work 1s required to
identify the nature of acics in middle distillate fuels end to clarify their role in ruel
degradation. In addition, phyaical parametera such ss the solubility of fuel degradation
products also need to be conaioered, perticularly when fuel stability ie essessed aimply
in terms of tne weignt or insolubles formed during fuel storage.
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Taeble 1.

Results of fuel storage at 43 C for 13 weeks

Sample Sample Initisl Fipal Filtered Adherent Total
number typa colour colour insolubles imsolubles  insolubles
* mg/1 mg/1 mg/1
5 A(1) 0.5 4.0 9.9 8.0 17.9
0.5 4.0 10.7 7.1 17.8
6 8(i) 1.0 4.5 4.7 7.0 11.7
1.0 4.5 4.6 7.2 11.8
7 B(iii) 1.0 3.0 3.9 1.8 5.7
1.0 3.0 3.0 1.9 4.9
8 B(iv) 0.5 <l.5 <0.1 0.1 0.1
0.5 <1.5 0.3 0.4 0.7
9 C(i)a <1.0 4.5 9i8 8.6 18.5
<1.0 4.5 9.7 9.9 19.6
10 C(ii)a 0.0 0.5 0.2 0.2 0.4
0.0 0.5 0.3 0.5 0.8
11 c(1)b <1.0 <4.0 3.8 14.8 18.6
<1.0 <4.0 2.5 15.0 17.5
12 C(ii)b 0.0 <0.5 0.8 <0.1 0.8
0.0 <0.5 0.2 0.6 0.8
13 (i) <1.0 <3.0 2.0 7.4 9.4
<1.0 <3.0 0.8 7.8 8.6
15 D(ii) 1.0 <1.5 1.0 <0.1 1.0
1.0 <1.5 0.6 <0.1 0.6
15 E(i) 1.5 <7.5 23.4 33.2 56.6
1.5 <7.5 23.4 32.4 55.8
16 E(ii) . <6.5 2.5 4.9 7.4
. <4.5 3.3 5.0 8.3
e X Refinery Code
(i)  30% LCO in SRD
(ii) 30% HT-LCO in SRD

(iii) 30% LCO/SRD in SRD

(iv)

30% HT-LCO/SRD in SRD
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Table 2.

Results of phenalenone mesaurements

Phenslenone content pmol/l
Sample
inumber [(A) Initisl  (8) After 16hrs - (C) After 13wka
@100 C @a3cC
5 4.4 42.0 150.1
6 12.7 87.8 230.8
7 6.1 30.7 52.6
8 ND 3.2 2.2
9 8.9 44.2 175.2
10 ND 2.0 ND,
11 9.4 37.9 162.3
12 ND ND ND
13 ND 6.6 48.8
14 ND ND ND
15 15.6 107.2 193.8
t ND 8.1 10.7
ND = not detected
Table 3. Results of indoles measurements
Total indole content (mmol/l equivalent of l-methylindole)
Sample _
number ® (A) Initial (8) After 13wks (A - B)
@43 ¢C
5 0.32 0.18 +/-0.02 0.14 +/-0.02
6 0.70 +/-0.05 0.39 +/-0.01 0.31 +/-0.06
7 0.23 +/-0.01 0.18 +/-0.00 0.05 +/-0.01
8 0.19 +/-0.05 0.17 inaignificsnt
9 0.50 +/-0.02 0.25 +/-0.01 0.25 +/-0.03
10 0.02 +/-0.01 0.01 +/-0.00 insignificent
13 e 0.06 +/-0.00
15 +/- 0.02 0.52 +/-0.03 0.73 +/-0.05

1.25

*  Average of duplicate results

## Initial alkylindole concentration could not be determined because

of interference from 'unidentified' nitrogen compounds
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SEQUENCE OF REACTIONS LEADING TO DIESEL FUEL DEGRADATION

Figure 1.
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