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ABSTRACT

A high-resolution low-voltage mass spectrometric study has been carried out on the sulfur-con-
taining fractions of fresh diesel fuel and on samples aged ar 43°C in borosilicate bottles (ASTM D
4625 test) for periods of 6.5, 13, 19.5 and 26 weeks, and at 80°C for periods of 0.5, 1, 1.5, 2, 3,
and 4 weeks Homologous series of benzo-and dibenzothiophenes are the principal  sulfur-contai-
ming components of these fractions and of the fresh diesel fuel Trace amounis of oxygen and sulfur
containing compounds were detected. The concentrations of all species present with aging were

maonitored and the role of each compound in the gum-forming process assexsed.

L INTRODUCTION

In any complete study of the stability of
diesel fuels, the composition of the fuel in
terms of the sulfur compounds present must
be determined. It has been known for a long
time that specific sulfur-containing compounds
play an important role in diesel fuel stabi-
lity problems'*?. Present knowledge is limi-
ted regarding the chemistry of sutoxidation
in complex fuel media As a result, the role
of sulfur-containing compounds in the oxi
dative instability of liquid fuels has been the
subject of inconsistencies and considerable
controversy in the literature'®*. There are
many approaches to the study of this problem.

One approach involves the examination of
model sulfur compounds as dopants in other-
wise stable base fuels Another approach uses
original unstable petroleum diesel fuels to-
gether with the characterisation of individual
sulfur compounds present.

Several studies are reported and various
methods and analytical instrumentation tech-
niques have been used for the isolation and
characterisation of specific sulfur-containing
compound types in petroleum and synthetic
fuels'* %, Jewell er al'® reported that in
all petroleum distillates ‘and most residual
fractions stodied. the sulfur compounds were
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concentrated mainly in the polycyclic aromatic
sulfur heterocycles (PASH)L The use of low
voltage mass spectrometry (LV-MS) to cha-
racterize the high beiling petroleum fractions
has been reported by Thompson er al'®.
Benz-hiophenes, dibenzothiophenes, naphthano-
thiophenes, naphthenobenzothiophenes and the-
ir homologs and isomers were the major sulfur
compounds found. Wiley et al'”  isolated
fractions containing sulfur heterocycles from
solvent-refined coal liquids (SRC 1 and SRC II)
and from Paraho and Livermore shale oils,
and identified the individual mixture consti-
tuents by using capillary column chromato-
graphy and mass spectrometry. They found
that benzothiophenes, dibenzothiophenes, phe-
nanthrothiophenes and several four-ring thio-
phene compounds are the major sulfur hetero-
cyclic compounds in coal Hquids and shale
oils. Similar studies were carried out by Kong
et al.'®. They stated that PASH present in
coal liquids and shale oils were mainly ben-
zothiophenes and a dibenzothiophene series
ranging from two to six rings The use of low-
voltage high-resolution mass spectrometry (LV-
HR-MS) in analysis of individual components
present in coal liquids'®+2%:3'  and petro-
leum-derived fuels and fractions of these fuels
22 has been reported.

In an effort to determine the effect of
sulfur-containing compunds on the stability
of diesel fuels, accelerated storage aging has
been carried out at 43 and B0°C on stable
and unstable petroleum diesel fuels. The sul-
fur heterocycles were then isolated and chara-
cterised, The methods used to isolate the sulfur-
containing compound types included solvent
extraction and elution chromatography, shown
schematically in Figure 1. The characterisation
techniques applied to the sulfur compound
types included LV-HR-MS. The work pre-
sented here determines the role of the sulfur-
containing compounds in controlling diesel
oil stability, especially the role of the homo-

Bcientific Comtributhon 181

logous series of compounds based on benzo-
and dibenzothiophene. Those compounds are
found as major constituents of sulfur compo-
unds in petroleum-based diesel fuel, coak
dﬂMHquﬂimdMDMTMmlud
these compounds on fuel stability had not been
determined in detail previously.

Il. EXPFERIMENTAL

A. Srorage test techniques

The accelerated storage stability method
used has been described in detail *?. In sum-
mary, 400 mL filtered samples of fuel were
stressed in the dark at 432 | and 80 £ | °C
in 500 mL clear screw-cap borosilicate glass
bottles covered with aluminium foil, in order
to exclude light. Aging periods were 6.5, 13,
19.5 and 26 weeks for samples aged at 43°C
and 0.5, 1, 1.5, 2,3and 4 wecks for samples
aged at 80°C. At the end of each period, the
prescribed sample was removed from the stors-
ge oven and allowed to cool in a dark envi-
ronment for about 46 hours After coocling,
the sample was poured from the bottle into a
clean separatory funnel and filtered through
a tared Gooch crucible containing two glass
fiber filters using a self-feeding system. The
filtrate was saved for sulfur characterisation,
and the filtration process was continued accor-
ding to the ASTM D 4625 test method for
analysis of insoluble (filterable and adherent)
gums and, for soluble gum according to the
ASTM D 381 test modified with nitrogen jet.

B. Sulfur separation fechniques

The sulfur separation method which has
been described in  detail'”-'* was used with
slight modification. The proceduse is shown
schematically in Figure 1,
C  Characterization techniques

The sulfur extracts were examined by
LV-HR-MS. The instrument used was a



Kratos MS-50 high resolution mass spectro-
meter interfaced to a Kratos DS-355 data sys
tem. The samples were introduced into the mass
spectrometer using the direct insertion probe.
The samples were weighed into single closed-
end melting point capillary tubes and contak
ned there whilst the probe was inverted in
the mass spectrometer source by a small plug
of glass fibre filter paper. A source temperature
of 200°C, ionizing voltage of 10 eV, static
resolution of 30.000 and a scanning rate of
300 seconds per decade, were used. A uscful
calibration range of 455.8218 amu to 84,0034
amu was achieved for all experiments

D Elemental analysis

The eclemental analyses were carried out
using a Carlo Erba CHNS analyser at the CSIRO
Divison of Coal and Energy Technology, North
Ryde, NSW, Australia

E. Fuels

Diesel fuels used in this study were ob-
tained from the Caltex refinery, Kumell, Syd-
ney, Australia. The automotive diesel oil (ADO)
was 8 commercial product, marketable on spe
cification with sulfur content determined by
X-ray fluorescent (ASTM D4294) of 0.21
mass % and the light waxy gas oil (LWGO)
was a high sulfur (sulfur content = 1.723 mass
%) diesel fuel component from the high vacuum
unit (HVU),

L. RESULTS AND DISCUSSION

Accelerated storage stability tests of the
ADO and LWGO were run at 43 and BO°C.
Their complete gravimetric results are summari-
zed in Table | and their total insolubles are
shown in Figure 2. As is shown in Figure 2,
the quantities of total insolubles produced
in ADO at 80°C are always less than in LWGO.
The total insolubles produced in ADO at 80°C
became greater than 2 mg/100 mL after sto-

T8

rage for two weeks and in LWGO after one
week. It may therefore be concluded that
the ADO is much more stable than the LWGO.
It is generally agreed that 2.0 mg/100 mL of
total insoluble gum formed over a ome week
period at B0°C or 13 weeks at 43°C?*.2% is the
maximum level for pass/fail criteria for accle-
rated storage stability of diesel fuel It is in-
teresting to observe that not only did the ADO
became unstable after storage for two weeks
at BO®C but also it became unstable after sto-
rage for 26 weeks at 43°C which is equivalent to
two years ambient storage''3*"?%. Further-
more, Figure 2 also shows that the total inso-
lubles in ADO produced after storage
for 6.5 weeks at 43°C which gave 0.6 mg/100
mL of insolubles. The difference of 0.3 is
within the repeatability for total insolubles
measurement. The total for insoluble gums
produced after one week storage at 80°C was
1.2 mg/100 mL, which was proportional to the
levels of total insoluble sediments produced
after 13 weeks storage at 43°C (which gave
1.2 mg/100 mL). In addition, approximately
equal quantities of insolubles were obtained
when the ADO was stored for 1.5 weeks at
80°C and 19.5 weeks at 43°C and also for
two weeks at 80°C and 26 weeks at 43°C.
These data indicate that the stress conditions
used in these experiments (43 and 80°C) gave
consistent behavior, parallel with the statement
that 13 weeks storage at 43°C dark oven sto-
rage test gravimetrically equates with one week
stress at B0° C**,

Accelerated storage stability tests employ-
ing benzohiophene and dibenzothiophen: as
codopants in ADO were run at 80°C. The
complete gravimetric results are summarized
in Table 2. The total insolubles are shown in
Figure 3 together with the results from LWGO
doped with benzo-and  dibenzothiophene.
These results indicate that doping stable diesel
fuel with benzo-and dibenzothiophene does
not change significantly the stability behaviour
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of the fuel The total insolubles produced
from several concentrations of benzo and di-
benzothiophene doped in ADO were less than
2.2 mg/100 mL in the original blank experi-
ment. Al one molar concentration of dopants
a maximum level of 2.0 mg/100 mL of inso-
lubles was obtained, which is different from
the original blank by 0.2 mg/100 mL This
figure is still within the repeatability for total
insolubles measurements That benzothiophene
and dibenzothiophene do not play a signifi-
cant role in controlling diesel fuel stability
may be concluded. They may, however, play
a special role on interaction with other ma-
ferinls

A different result is found for LWGO
which is classed as an unstable diesel fuel as
it contains more compounds likely to have de-
leterious effects. Accelerated storage tests
employing benzothiophene, dibenzothiophene
and 2 5-dimethylpyrole (DMP) as codopants
in LWGO were run also at 80°C. The complete
gravimetric results are summarised in Table
3 and the total weight of insolubles is shown
in Figures 3 and 4. These results indicate that
doping LWGO with benzo-and dibenzothio-
phene produces approximately twice the amo-
unt of total insoluble gums formed in the blank
experiments Huge amounts of total insolubles
were produced with DMP used as dopant A
definite positive (synergistic) interaction exists
between the DMP and the sulfur-containing
compounds available (LWGO has a higher
concentration of sulfur-containing compounds
than ADO) under the conditions examined.
This conclusion is also supported by the elemen-
tal analyses of the insoluble gum and oil raf-
finate as shown in Table 4 and Figure 5. Ta-
ble 4 shows a complete elemental analysis of
insoluble gums and the raffinate liquid. The
percentage of sulfur content of the insoluble
gum produced decreases with increasing DMP
concentration as is shown in Table 4, because,
as shown in Table 3, the number of total inso-
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lubles produced increases dramatically with
the increase of DMPconcentration. The total
weight of sulfur (in grams) produced as in-
soluble gum increases with the increase of
DMFP concentration is shown in Figure 5. Con-
sistent results are shown in the elemental sulfur
analysis of the raffinate liquid, which shows
a decrease in percent sulfur with increasing
concentration of DMP because this dopant
is reacting with the sulfur containing com-
pounds present in the liwnid and removing
them as insoluble gum. The presence of DMP
significantly increased the number of sulfur
compounds in the insoluble sediment and de
creased the sulfur content in the liquid phase.

The results of LV-HR-MS analysis of the
sulfur extract from ADO stressed at B0°C
and 43°C are shown in Tables 5, 6, 7 and 8
respectively, Tables 5 and 7 indicate that the
sulfur extracts were relatively pure and contai-
ned only about 31 % on average of non-sulfur
species, The sulfur species in all fractions stu-
died belonged mainly (average of 98.81 %)
to the CnHjn-z5 series of components. Homo-
logous series of benzo-and dibenzothiophenes
were the principal components of the CnH; n-z8
fraction as is shown in Tables 6 and 8. Table
6 presents a detailed description of the benzo-
and dibenzothiophene series found in ADO
after stressing at 80°C. The sulfur compounds
found in ADO after storage at 80°C consist
of at least 3% benzothiophene series and more
than 91.8% dibenzothiophene series. Table
8 indicates that at least 3.1 % benzothiophene
series and more than 91.8 % dibenzothiophene
series were the main constituents of the
CnH; n-zS fraction at 43°C. It is interesting to
observe that the total percentages of benzo-
and dibenzothiophene in these fractions are
constant with aging both at 80 and 43°C as
shown in Figures 6 and 7. Figures 8 and 9
also indicate that the concentration of dibenzo-
thiophene (Carbon number of 12) is relatively
constant with aging both at 80 and 43°C
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The conclusion is similar to that obtained from
thummnm:mum:!dhcmlbuuwh&
show that benzo-and dibenzothiophene do
not play a significant role in oxidation insta-
bility of stable petroleum diesel fuel Again,
The results shown here, in terms of benzo-
and dibenzothiophene in stable petroleum
diesel fuel stored at 43°C are consistent with
the LV-HR-MS results for analysis by the
dark oven test at 80°C.

Interaction of benzo- and dibenzothio-
phene with other compounds such as nitrogen,
oxygen, olefinic species and other sulfur-con-
taining compounds are part of a continuing
investigation.

V. SUMMARY

Based upon the results described above,
the following conclusions may be drawn:

1. As found by other researchers, accele-
rated storage stability of diesel fuel stored for
0.5 weeks at 80°C gravimetrically equates to
6.5 weeks at 43°C; 1 week at B0°C equals 13
weeks at 43°C; 1.5 weeks at 80°C is equivalent
to 19.5 weeks at 43°C and 2 weeks at 80°C
equates to 26 weeks at 43°C.

2. Not only in terms of insoluble gum
produced, but also LV-HR-MS analysis of
raffinates, the behaviour of benzo- and diben-
zothiophene from ADO after storage at BO°C
shows good correlation with the storage fesis
at 43°C.

3, Benzo- and dibenzothiophenes do not
play significant roles in a stable petroleum
diesel fuel instability process

4, Positive synergistic interactions Wwere
found to occur between DMP and the sulfur-
containing compounds available in LWGO
under the conditions examined.

§ LV-HR-MS results indicate that the
homologous series of benzo and dibenzothio-
phene were the principal components of sulfur
compounds in petroleum diesel fuel as found
by other workers.
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Table 2
Storage stability of ADO in 2 weeks at 80 ® C

employing benzothiophene and dibenzothiophene
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Figure 3. Diecsel fuel+sulfur compounds as dopant




Table 3. Storage stability of LWGO in 2 weeks at 80 °C
employing benzothiophene, dibenzothiophene and 1,5 dimethylpyrrole (DMP

FPoehdopani Do pain ts Insoduble Bobabie Total
e s tan it | [ mum
Ensndu bide Adherent Todal
M mg/I00vL. | mg/100mL | mg/100mL | mg/100mL mg/100mL.
LWGO+bengothiophene o 2.3 08 31 1040 107
| 001 23 13 53 854 91
0.05 2.2 3.7 6.0 114.0 120
(| 0,1 2.0 1.3 53 83.0 B
0.5 12 33 55 1120 118
(| 1 23 3.1 6.0 7.0 ]
LWGO+dibenzothiophene 0 23 08 3,1 1040 107
i 0,01 1.0 1.4 6.3 1010 108
0,08 35 34 69 104.0 111
01 45 33 79 107.0 115
0.5 46 13 7.9 114.0 122
1 3.3 13 6.6 1140 FY
LWGO+DMP (il 13 08 LB 104.0 107
0.0005 2.0 o3 9.3 880 97
0,001 16,6 0.6 172 1170 134 l
0.004 512 Lo 532 121.0 173
0.01 7.0 L1 8.1 128.0 216
| 0,08 %10 L 261 143.0 404
— 1 -~ — —L
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Table 4.Emunlmﬂyﬁulhnhhhpmmﬂnfﬂmum
from LWGO + DMP after stressed in 2 week at 80°C
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Figure 5. Sulfur compound elemental analysis
from liquid and insoluble gum produced
by aging LWGO + DMP in 2 weeks at 80 degC
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Table 5

Low Voltage High Resolution Mass Spectrometry total results
of sulfur extract analysis from ADO after being stressed at 80°C

Percent concentration of species i ol resalis

Spreker
05 week | 1wesk 15 week | 2weck 3 wosk 4 week Aversge
CoHlne » 3 bl 17 16 8 2
CaHin.S 46 51 67 7% 7% 80 &6
Cnli}p-52 0.5 03 o6 0.8 1 0.4 06
CoHyneO 13 14 7 7 7 2 L
CnHyp-L05 os 0.2 0.0 o1 0.1 o
CnBlap N 0.3 o 0 o 0 o 0,08
Calyp NO 0.2 o 0 0 0 (] 0.02
CallznaNOS 0.1 0.06 0 0 0 0 0.03
CaHyneNO%; | 0. 0 0 0 ] o 0,02
Cllgg. 0y o 0 0 o 0 0 o
Crbly g NS 0 o ol o o (" 0.02
Cohyn-gNOy 0 0 0.2 o ol 0.03 003
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Table 6

Low Voltage High Resolution Mass Spectromeiry
detai ed Mﬂhﬂnﬂ!ﬂﬂfmcﬁnndnﬂurnmﬁmmmﬂbﬁnﬁ
stressed at 80°C
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Figure 7. LV-HR-MS result, total % concentration
of benzothiophene and dibenzothiophene series in
fraction of S extract from ADO aged at 43 degC
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Figure 8. LV-HR-MS result, % concentration of

dibenzothiophene (C 12) in CnH2n-zS fraction of
sulfur extract from ADO after stressed at 80 degC
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sulfur extract from ADO aged at 43 degC




