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Abstract

Silica, zirconia, and titania columns were compared for their ability to separate diesel samples into saturates, mono-, di-, tri-, and polyaromatics
by supercritical fluid chromatography (SFC) using pure CO2 according to ASTM method D 5186-03. A titania column coupled in series to a
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silica column was found to provide the highest overall group-type resolutions based on 20 model compounds, with resolutions as high
saturates versus monoaromatics and 11.9 for monoaromatics versus diaromatics. An oilsands-derived Synfuel light diesel, a comme
diesel, and a heavy Shell Canada Ltd. diesel blending feedstock were studied on a titania–silica coupled column as well as on a conve
column. The Synfuel results were similar (within 0.5 mass%) on both the conventional bare silica column and the titania–silica couple
The heavier commercial diesel and diesel blending feedstock samples yielded different results on the titania–silica coupled column c
the silica column alone, demonstrating the importance of achieving the highest possible resolutions when baseline separation of group
obtained.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Titania; Zirconia; Silica; Supercritical fluid chromatography; Diesel fuel; Saturates; Aromatics; PAH

1. Introduction

Fossil fuels including diesel and jet fuels are the most impor-
tant source of energy for our society today, providing the bulk
of our global energy requirements for transportation, construc-
tion, heating, and agriculture. The group-type composition of
these fuels (saturates, mono-, di-, tri-, and polycyclic aromatics)
influence what properties these fuels will possess. Performance
properties (e.g. cetane number, pour point, smoke point, heat
content)[1–4] and emission properties (e.g. particulate matter,
polycyclic aromatic hydrocarbon (PAH), nitrogen oxides, car-
bon monoxide)[5–15] have been linked to the total aromatic
and PAH content (dicyclic aromatic compounds and higher) in
diesel fuels. Specifically, PAH content in diesel fuels increases
particulate matter[9,10,14], PAH[12,13,15], and nitrogen oxide
[9,10,14]emissions. Given the widespread use of diesel fuels,
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government limits on the PAH content of diesel fuels are bec
ing increasing stringent.

In North America, ASTM method D 5186-03 is used
determine the aromatic and PAH content of diesel and avi
turbine fuels[16]. This method uses SFC with a carbon diox
mobile phase to separate diesel fuels according to group
followed by flame ionisation detection (FID). Other techniq
used for diesel group-type separations include high perform
liquid chromatography (HPLC)[17–22], gas chromatograph
(GC)[17,23–25], LC–GC[26,27], SFC–GC[28], and SFC–MS
[29]. However, HPLC detectors yield a non-uniform respo
for saturates and aromatics[17,30–32], necessitating comple
calibrations. In contrast, FID provides reliable mass quanti
tion of each group-type[17,30–32]. GC separations often requ
2D separations or mass spectrometric detectors that give
uniform responses to achieve group-type separations[17,24],
making GC less practical for routine group-type analysis.

The hydrocarbon group separation (HGS) column from
lent (250 mm× 4.6 mm i.d., 5�m bare Lichrospher Si 60 silic
spherical particles[33]) has been widely used in SFC to p
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vide high group-type resolutions compared to other bare silicas.
However, our results show that bare silica columns have diffi-
culty separating the di- and triaromatic groups cleanly. Limited
aromatic group-type resolutions restrict the accuracy of diesel
group-type determinations in SFC[17,30]. Also, achieving high
aromatic group-type resolutions while maintaining the resolu-
tion of saturates and aromatics has proven difficult[17]. For
these reasons, several column packing materials offering differ-
ent surface chemistries compared to bare silica are investigated
in this paper. These include bare zirconia, polybutadiene coated
zirconia, carbon coated zirconia, bare titania, and a NH2-bonded
silica. A high purity, low metals type B bare silica Kromasil col-
umn, a Lichrospher Si 60 bare silica column and an irregular
version of the spherical Lichrospher Si 60 bare silica column
were also studied for comparison purposes. The columns are
assessed primarily on the basis of whether they can achieve
high resolution between the different hydrocarbon groups: satu-
rates, mono-, di-, tri-, and polyaromatics. Three diesel samples
of increasing boiling range, density, and PAH content were used
to assess the capabilities of the HGS column and a titania–silica
coupled column.

2. Experimental

2.1. Apparatus
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Qualitative diode array detection (DAD) was provided by an HP
Series 1050 DAD. A t-joint was used to split the flow between
the two detectors. The time shift between the FID and DAD
signals was less than 5 s. The Hewlett-Packard SFC controls
downstream system pressure through the use of a backpressure
regulator located after the DAD. A low flow fused silica integral
restrictor (part number G1205-21400, Agilent)[32] was used
to depressurise the carbon dioxide prior to the FID. Hydrogen
gas for the FID was provided by a Whatman (Florham Park, NJ,
USA) Hydrogen Generator model 75-34 at a typical flow rate of
43.4 ml min−1. Air was supplied by a Domnick Hunter (Missis-
sauga, ON, Canada) Nitrox Z zero air generator at a typical flow
rate of 347 ml min−1. Data acquisition at 5 Hz was provided by
a Vectra 486/66XM personal computer running HP-SFC Chem-
Station Rev. A.01.02 software.

2.2. Standards and samples

Twenty model compounds (>97% purity, seeTable 2) were
studied on each test column. Model compound samples were
prepared by dissolving each compound in ACS grade carbon
disulfide (Fisher Scientific, Nepean, ON, Canada) at 0.1% (w/w).
Due to overlap of docosane with the carbon disulfide solvent
peak on some columns, an ASTM method D 5186-03[16] per-
formance mixture consisting of 75% (w/w) hexadecane, 20%
(w/w) toluene, 3% (w/w) tetralin, and 2% (w/w) naphthalene
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B 9.9
B 3.4
B 4.7
The columns listed inTable 1 were tested on a Hewle
ackard (now Agilent, Palo Alto, CA, USA) SFC system
5◦C, 150 bar (downstream pressure), and 2 ml min−1. An HP
1205A SFC pump module was used to pump SFC g

>99.995%, <3 ppm water content) carbon dioxide (Air Liqu
ontreal, QC, Canada) through the test columns, heated
P 5890 series II column oven. An HP 7673B automatic sam
ith 50�l syringe was used to inject samples into a Rheod

Rohnert Park, CA, USA) 7410 injection valve (0.5�l full loop
njection). Quantification was provided by an HP SFC F

able 1
olumns tested and group-type resolutions achieved at 35◦C, 150 bar, 2 ml m

olumn Length
(×4.6 mm i.d.)

Diameter,
pore size

S
m

ydrocarbon group separationa,b 250 5�m, 60Å
are silica Lichrospher Si 60c 250 5�m, 60Å 1
are silica Lichrosorb Si 60c,d 250 5�m, 60Å
are silica Kromasil Sic 250 5�m, 60Å
pherisorb-NH2e 150 3�m, 80Å
are zirconia phasef 150 3�m, 300Å
are titania Sachtopore-NPf 150 3�m, 60Å
are zirconia-HGSg 400 –
are titania-HGSg 400 – 1
are titania-Lichrospherg 400 – 1

a Previously used for the group-type analysis of diesel fuels by SFC.
b Agilent, Palo Alto, CA, USA.
c Thermo Electron, Waltham, MA, USA.
d Irregular version of spherical Lichrospher Si 60 packing.
e Waters, Milford, MA, USA.
f Zirchrom, Anoka, MN, USA.
g Coupled columns.
n
r

as also studied. Samples containing methane were pre
y gently bubbling methane for 30 s through 1.5 ml of car
isulfide in a glass autosampler vial cooled with dry ice. The
as quickly and tightly capped and used within three month
reparation.

Diesel samples were injected without dilution. A May 19
ilsands derived ultra low sulfur (<10 ppm) Synfuel diesel,
uced for onsite use at Syncrude Canada Ltd. in Fort McMu
lberta, Canada, was studied as a low boiling, low PAH c

ent diesel sample (0.830 g cm−3 at 15◦C). A 1998 commercia

te vs.
romatic

Monoaromatic vs.
diaromatic

Diaromatic vs.
triaromatic

Triaromatic vs.
polyaromatic

6.1 0 8.1
6.3 0 8.6
2.9 0 5.2
3.3 0 5.8
7.1 0.7 12.9
7.1 2.9 2.3

11.8 1.4 8.9
8.1 3.2 6.8

10.7 3.6 11.0
11.9 3.7 12.1
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Table 2
Model compounds studied and retention times (min) shown under optimised conditions

Compound Hydrocarbon group-type Titania-HGS coupled column HGS column

Octanea Saturate, paraffin 2.20 1.42
Methylcyclohexaneb Saturate, naphthene 2.28 1.48
Hexadecanec (75%, w/w) Saturate, paraffin 2.29 1.46
Docosanea Saturate, paraffin 2.36 1.49
Decahydronaphthaleneb Saturate, naphthene CS2 overlap CS2 overlap
Benzenec Monoaromatic 3.06 2.08
n-Butylbenzeneb Monoaromatic 3.12 2.05
Toluenec (20%, w/w) Monoaromatic 3.12 2.11
2-Ethyltoluenea Monoaromatic 3.35 2.24
Tetralina Monoaromatic 3.99 2.67
Naphthalenec Diaromatic 5.07 3.17
Biphenyla Diaromatic 6.40 3.78
Acenaphthenea Diaromatic 7.33 4.11
Fluorenea Diaromatic 10.9 5.10
9,10-Dihydroanthraceneb Diaromatic 11.6 6.03
Dibenzothiopheneb Diaromatic, thiophene 12.2 5.28
Phenanthrenea Triaromatic 13.6 5.93
Anthracenec Triaromatic 14.0 5.62
Pyrenea Polyaromatic 24.9 8.40
2-Naphthalenethiolb Diaromatic, thiol Irreversibly retained 5.84

a Sigma–Aldrich Canada Ltd., Oakville, ON, Canada.
b Acros Organics, Morris Plains, NJ, USA.
c Fisher Scientific, Nepean, ON, Canada.

Ontario, Canada diesel was studied to represent a conventional
diesel sample (0.839 g cm−3 at 15◦C). A Shell Canada Ltd.
diesel blending feedstock was studied as a high boiling, high
PAH content diesel sample (0.871 g cm−3 at 15◦C). The fol-
lowing simulated distillation results were determined for each
diesel sample.

• Synfuel: Initial boiling point (IBP) 125◦C, T10% 158◦C,
T50% 199◦C, T90% 246◦C, final boiling point (FBP) 284◦C.

• Commercial diesel: IBP 173◦C, T10% 199◦C, T50% 256◦C,
T90% 311◦C, FBP 337◦C.

• Blending feedstock: IBP 90◦C, T10% 256◦C, T50% 324◦C,
T90% 364◦C, FBP 400◦C.

2.3. Calculations

Retention times and peak widths at half-height were deter-
mined using ChemStation Rev. A.01.02 software. Plate heights,
H, were based on width at half height. Retention factors were
calculated using methane as the dead time marker. Resolution
between two group-types such as mono- and diaromatics were
calculated based on width at half height (Eq.(1)):

Rs = 2(t2 − t1)

(1.699(W2 + W1))
(1)

where t and t are the retention time of the latest eluting
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calculated from the hexadecane and toluene peaks from the
ASTM D 5186-03 performance mixture. This may result in
overestimation of the saturate and monoaromatic resolution,
but it allows for direct comparison of all columns studied.
CO2 densities were calculated based on temperature and down-
stream pressure using EOS-SCx version 2 free software from
http://hp.vector.co.jp/authors/VA030090/.

2.4. Cut points for group-type analysis

The cut point between saturates and aromatics was deter-
mined as the minimum in the signal between the two groups.
ASTM D 5186-03 method[16] cuts the mono- and diaromatic
group-types at the beginning of the elution of the naphthalene
peak. This was determined as 3.10 min for the HGS column and
4.96 min for the titania-HGS coupled column following inspec-
tion of the chromatograms containing naphthalene.

Although the ASTM method does not distinguish between
di-, tri-, and polyaromatics, they were determined here as
follows. On the HGS column, the di- and triaromatic cut point
was taken as 5.45 min based on the midpoint point between the
dibenzothiophene and anthracene peaks. Note that this ignores
the fact that on the HGS column, 9,10-dihydroanthracene
(diaromatic) eluted after both of the triaromatic model com-
pounds that were studied. On the titania-HGS coupled column,
the midpoint between the dibenzothiophene and phenanthrene
p e tri-
a min
b and
p oint
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g the
1 2
onoaromatic and the earliest eluting diaromatic model c
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ith the carbon disulfide sample solvent on several test colu

he resolutions between the saturates and monoaromatic
-

-
e
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eaks was used, giving 12.9 min. On the HGS column th
nd polyaromatic cut point was determined to be 7.16
ased on the midpoint point between the phenanthrene
yrene peaks. On the titania-HGS column the midp
oint between the anthracene and pyrene peaks was
iving 19.4 min. Due to differences in the elution order of
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triaromatics on the HGS and titania-HGS coupled column,
different triaromatic model compounds were used for the cut-
points.

3. Results and discussion

3.1. Comparison of conventional silica columns

Conventional Type A bare silica columns HGS, Lichrospher
Si 60, Lichrosorb Si 60, as well as a low metals Type B bare
silica Kromasil Si column were studied to determine how well
bare silica columns perform group-type separations of diesel
samples. A Spherisorb-NH2 column was also studied because
NH2-columns have been used with HPLC to perform group-type
separations of gasoline[34], diesel[18], gas oil[35–37], crude
oil [38,39], and heavy distillates[40]. The 20 model compounds
in Table 2were studied on each column at 35◦C, 150 bar, and
2 ml min−1 which was previously determined to be the opti-
mal conditions for group-type separations on the HGS column
(unpublished results).

For the aromatics most of the silica columns produced plate
heights in the range of 8–20�m. The exception was the HGS
column, which yielded a plate height of 36�m for pyrene. The
plate heights for hexadecane were in the range of 14�m for the
NH -bonded silica column to 49�m for the HGS column. These
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3.2. Comparison of zirconia and titania columns

Bare zirconia was studied as it has a polar surface simi-
lar to silica, while possessing Lewis acid sites which provide
additional interactions with�-electron rich PAH compounds
[41–44]. All of the aromatics eluted according to ring num-
ber on a bare zirconia column, but not without a significant loss
in the saturate versus monoaromatic resolution (Table 1). Most
of the PAHs studied yielded poorer efficiencies on bare zirco-
nia compared to silica. Significant improvements in efficiency
were observed at higher temperatures and pressures (Fig. 1A).
However, even at 100◦C/250 bar (0.59 g cm−3 CO2 density),
anthracene’s plate height of 65�m is still 3.6-fold higher
than on bare silica at the milder conditions of 35◦C/150 bar
(0.82 g cm−3). Also, at these higher temperatures and pressures,
the hexadecane and toluene peaks were unresolved indicating a
significant loss in the saturate versus monoaromatic resolution.
Improvements in the aromatic group-type resolutions were 6%,
27%, and 180%, respectively, at 100◦C/250 bar compared to
35◦C/150 bar.

Two reversed phase zirconia columns were also studied
and found to be unsuitable for group-type separations in SFC.
A carbon coated zirconia column was too retentive to elute
saturates or aromatics within 60 min, even at the strongest
eluent conditions studied of 35◦C/200 bar (0.87 g cm−3). A
polybutadiene coated zirconia column eluted docosane after
t ould
b asing
t had a
s s of

F to
1 a
c olumn
(open symbols). SeeTable 1for column dimensions.
2
higher plate heights are possibly the result of mass overlo
of the columns due to the higher 75% (w/w) concentratio
hexadecane in the ASTM performance mixture compared t
other model compounds at 0.1% w/w. Docosane at 0.1% (
produced plate heights between 9 and 12�m when it was no
overlapping with the CS2 solvent peak.

When the group-type resolutions of the various silica colu
are compared (Table 1), the highest saturate versus mono
matic resolution is achieved on the Lichrospher column
the NH2-bonded silica column producing the lowest satu
versus monoaromatic resolution. The Lichrospher, HGS
NH2-bonded silica columns produced high monoaromatic
sus diaromatic and triaromatic versus polyaromatic resolu
The NH2-bonded silica column was the only silica colu
to achieve any diaromatic versus triaromatic resolution, b
provided poor saturate versus monoaromatic resolution
trends observed on the NH2-bonded silica column are simil
to those reported previously[32]. The Lichrosorb and Kro
masil columns performed poorly compared to the other s
columns.

None of the silica columns adequately separated all o
model compounds according to group-type, with the se
tion of di- and triaromatics proving to be the most diffic
Despite this, all of the silica columns studied met the AS
D 5186-03 method[16] requirements ofRs(sat, mono) = 4 an
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of group-types in diesel samples. Alternative column ma
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ig. 1. Plate height of anthracene vs. CO2 density at temperatures from 35
00◦C and pressures from 85 to 250 bar at 2 ml min−1 on (A) a bare zirconi
olumn, (B) a bare titania column (closed symbols) and a bare silica HGS c
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Fig. 2. Group-type resolutions on various columns and coupled columns at
35◦C, 150 bar, and 2 ml min−1. SeeTable 1for column dimensions.

35◦C/200 bar. Thus the polybutadiene coated zirconia did not
yield a saturates–monoaromatics separation. The polybutadiene
coated zirconia column eluted all of the PAHs according to ring
number, but also suffered from poorer PAH efficiencies than sil-
ica with plate heights for anthracene in the range of 16–60�m
under the same conditions asFig. 1A.

Bare titania was studied because it has a similar surface
chemistry to bare zirconia[41–43,45]. It is available with
smaller pore sizes than zirconia. This leads to higher sur-
face area and higher retention factors for improving the sat-
urate versus monoaromatic resolution. A bare titania column
eluted all of the group-types in order, with more reasonable
PAH efficiencies than bare zirconia (Fig. 1B). Anthracene’s
plate height on bare titania improved from 39 to 26�m
as temperature/pressure were increased from 35◦C/150 bar
(0.82 g cm−3) to 50◦C/200 bar (0.78 g cm−3). The plate heights
for the saturate and monoaromatic model compounds on zir
conia and titania were comparable or lower than on silica.
At 50◦C/200 bar, the diaromatic versus triaromatic and triaro-
matic versus polyaromatic resolutions on bare titania improved
by 79% and 19%, respectively, compared to 35◦C/150 bar.
The saturate versus monoaromatic resolution decreased by 7%
while the monoaromatic versus diaromatic resolution did not
change.

Comparison of the group-type resolutions on bare silica,
silica-NH2, bare zirconia, and bare titania at 35◦C/150 bar
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average CO2 density across the titania column to help improve
PAH efficiency. A bare zirconia and HGS coupled column was
also studied.

At 35◦C/150 bar, both zirconia-HGS and titania-HGS cou-
pled columns yield poor PAH efficiencies compared to bare silica
(e.g.Hanthraceneof 79�m and 43�m, respectively, compared to
18�m on the HGS column). When the elution conditions are
increased to 100◦C/250 bar for the zirconia-HGS coupled col-
umn and 50◦C/200 bar for the titania-HGS coupled column,
these plate heights improve to 37 and 26�m, respectively.

The zirconia-HGS coupled column achieved comparable or
better group-type resolutions at 35◦C/150 bar compared to the
HGS column alone (Fig. 2). At 100◦C/250 bar, the saturate
versus monoaromatic resolution on the zirconia-HGS column
decreased by 38%, while the aromatic group-type resolutions
increased by 1%, 31%, and 60%, respectively.

At 35◦C/150 bar, the titania-HGS coupled column gave the
highest group-type resolutions overall (Fig. 2). At 50◦C/200 bar,
saturate versus monoaromatic and monoaromatic versus diaro-
matic resolutions decreased by 6% and 8%, respectively while
the diaromatic versus triaromatic and triaromatic versus polyaro-
matic resolutions increased by 1% and 15%, respectively. When
the titania column was coupled to the new bare silica Lichrospher
column instead of the HGS column, resolutions were further
improved as shown inTable 1. These resolutions are higher
than previously reported results using similar length columns
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Fig. 2) reveals that bare silica provides the highest sat
ersus monoaromatic resolution followed by bare titania, si
H2, and then bare zirconia. Bare titania produces the hig
onoaromatic versus diaromatic resolution while bare zirc
roduces the highest diaromatic versus triaromatic resolu
he silica-NH2 column produced the highest triaromatic ver
olyaromatic resolution.

.3. Coupled titania–silica and zirconia–silica columns

Bare titania provides good aromatic group-type resolut
are silica provides good saturate versus monoaromatic re

ion. A bare titania column was coupled to the bare silica H
olumn to provide higher overall resolutions. The titania colu
as placed upstream of the silica column to provide a hi
-

,

t

.

.
-

r

32,46,47], and comparable or better than columns more
wice as long[47,48].

.4. Group-type analysis of diesel samples using a
itania–silica coupled column

Three diesel samples were analyzed on the bare titania
oupled column and on the HGS column alone. As the HGS
mn has been used previously for diesel group-type analysi
esults are more indicative of typical column performance ra
han new column performance. The first diesel sample stu
as a Synfuel diesel that is representative of light diesels

elatively low PAH concentrations. The second sample w
ommercial Ontario diesel with moderate PAH concentrat
he third sample was a Shell Canada Ltd. diesel blending
tock that is representative of very heavy (dense) diesels
igh PAH concentrations.

Fig. 3A shows the FID and UV traces for the Synfuel die
ample separated on the HGS column under standard cond
he FID trace shows the elution of all group-types with the si

ntensity being directly proportional to hydrocarbon mass.
V response at 254 nm indicates that the monoaromatics

o elute at 1.8 min. The UV response at 300 nm shows tha
iaromatics begin to elute at 2.8 min. Near baseline resolut
btained between the saturates, mono-, and diaromatics
GS column.
Fig. 3B shows the same separation on the bare titania-

olumn. Near baseline resolution between the saturates, m
nd diaromatics is also obtained, with the monoaromatics b
ing to elute at 2.9 min and the diaromatics at 5.0 min. It is c

rom Fig. 3A and B that the diaromatics have different elut
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Fig. 3. FID and UV traces of a Synfuel light diesel separated at 35◦C, 150 bar,
and 2 ml min−1 on (A) a bare silica HGS column and (B) a bare titania column
coupled to a bare silica HGS column. SeeTable 1for column dimensions.

times on the two columns, with better resolution of the aromatic
peaks observed on the titania-HGS coupled column.

Fig. 4A shows the commercial Ontario diesel separated on the
HGS column. With this commercial diesel there is less resolution
between the group-types compared to the lighter Synfuel diesel
(Fig. 3A). Fig. 4B shows the same separation on the titania-HGS
coupled column. The higher monoaromatic versus diaromatic
resolution on the titania-HGS coupled column can be observed
by the lower signal intensity of the FID trace when the diaro-
matics begin to elute at 5.0 min compared to the HGS column
at 2.8 min. Lower FID signal intensity near the cut-point indi-
cates lower overlap of the two group-types. The PAH compounds
require 40 min to elute from titania-HGS column, compared to
10 min from the HGS column. While this significantly increases
the analysis time, it also provides much higher aromatic res-
olutions. A shorter titania column could be used to reduce the
analysis time while still providing high aromatic group-type res-
olutions.

Fig. 5A shows the diesel blending feedstock separated on
the HGS column. With this heavier diesel sample there is much
less resolution between the group-types compared to the lighter
diesel samples (Figs. 3A and 4A). There is also much higher
PAH content (Table 3). Fig. 5B shows the same separation on the
titania-HGS coupled column. Again, the higher monoaromatic
versus diaromatic resolution on the titania-HGS coupled column
is shown by the lower signal intensity of the FID trace when
t HGS
c from

Fig. 4. FID and UV traces of a commercial Ontario, Canada diesel separated at
35◦C, 150 bar, and 2 ml min−1 on (A) a bare silica HGS column and (B) a bare
titania column coupled to a bare silica HGS column. SeeTable 1for column
dimensions.

Fig. 5. FID and UV traces of a diesel blending feedstock separated at 35◦C,
150 bar, and 2 ml min−1 on (A) a bare silica HGS column and (B) a bare titania
column coupled to a bare silica HGS column. SeeTable 1for column dimensions.
he diaromatics begin to elute at 4.2 min compared to the
olumn alone at 2.4 min. While all compounds have eluted



162 R.E. Paproski et al. / J. Chromatogr. A 1095 (2005) 156–163

Table 3
Group-type content of diesel samples reported in mass% (RSD, %)

Sample Column Saturates Monoaromatics Diaromatics Triaromatics Polyaromatics

Synfuel HGS 63.5 (0.1%) 34.7 (0.4%) 1.8 (4%)a 0.04 (40%)a –
Synfuel Ti-HGS 63.5 (0.1%) 34.3 (0.1%) 2.2 (2%) 0.01 (40%) –

Commercial diesel HGS 70.1 (0.1%) 24.6 (0.2%) 4.7 (0.6%)a 0.5 (7%)a 0.09 (26%)
Commercial diesel Ti-HGS 69.8 (0.1%) 23.5 (0.2%) 5.5 (0.6%) 0.6 (6%) 0.6 (9%)

Blending feedstock HGS 64.1 (0.1%) 22.7 (0.3%) 11.0 (0.3%)a 1.9 (1%)a 0.3 (10%)
Blending feedstock Ti-HGS 65.6 (0.1%) 19.3 (0.3%) 11.8 (0.2%) 2.0 (0.9%) 1.3 (3%)

a HGS results ignore 9,10-dihydroanthracene’s (diaromatic) elution after triaromatic model compounds.

the HGS column by 10 min, they continue to elute from the
titania-HGS column until 50 min.

The diesel group-type results from both columns are com-
pared inTable 3. It should be noted that the di- and triaro-
matic determinations on the HGS column are somewhat suspect
as there was overlap of the model compounds from the two
groups on the HGS column (Table 2). For the Synfuel sam-
ple, the near baseline resolution on both columns makes the
results less sensitive to column choice, yielding similar results
(within 0.5 mass%) for both. However, significant differences
in the commercial diesel results are observed between the two
columns. The mono, di-, and polyaromatic results appear sen-
sitive to column choice due to the lower resolution between
group-types. For the diesel blending feedstock, significant dif-
ferences are observed between the two columns for all of the
group-types except the triaromatics.

3.5. Retention time and resolution repeatability

Polar sample components could be irreversibly retained and
may alter the column performance over time. For instance,
2-naphthalenethiol was found to be irreversibly retained on
Lichrospher silica, titania, and zirconia columns. To determine
whether polar compounds in diesels affect titania column per-
formance, the commercial Ontario diesel (350 ppm sulfur) and
then the Synfuel diesel (0.4 mass% 2-ethylhexyl nitrate cetane
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4. Conclusions

A titania–silica coupled column was found to provide the
highest overall group-type resolutions of the 20 model com-
pounds studied, with the separation of di- and triaromatics prov-
ing to be the most difficult. The study of three diesel samples
demonstrated that group-type separations become more diffi-
cult as the boiling range and PAH content of the diesel samples
increase. In turn, results become more sensitive to column choice
with heavier samples. While there are no diesel standard refer-
ence materials to confirm which column yields the most accurate
results, we are more confident in the results produced by the
column with the highest group-type resolutions between model
compounds.
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[9] X. Li, Ö.L. Gülder, J. Can. Pet. Technol. 37 (1998) 56.
10] N. Shimazaki, K. Tsuchiya, M. Morinaga, M. Shibata, Y. Shibata, S

Technical Paper 2002-01-2824, 2002.
11] K. Mitchell, SAE Technical Paper 2000-01-2890, 2000.

http://dx.doi.org/10.1016/j.chroma.2005.07.124


R.E. Paproski et al. / J. Chromatogr. A 1095 (2005) 156–163 163

[12] S. Tanaka, H. Takizawa, T. Shimizu, K. Sanse, SAE Technical Paper
982648, 1998.

[13] G.E. Andrews, R.B. Ishaq, J.R. Farrar-Khan, Y. Shen, P.T. Williams,
SAE Technical Paper 980527, 1998.

[14] M. Signer, P. Heinze, R. Mercogliano, H.J. Stein, SAE Technical Paper
961074, 1996.

[15] K. Mitchell, D.E. Steere, J.A. Taylor, B. Manicom, J.E. Fisher, E.J.
Sienicki, C. Chiu, P.T. Williams, SAE Technical Paper 942053, 1994.

[16] Method D 5186-03, Annual Book of ASTM Standards, American Soci-
ety for Testing and Materials, West Conshohocken, PA, USA, 2003.

[17] B.N. Barman, V.L. Cebolla, L. Membrado, Crit. Rev. Anal. Chem. 30
(2000) 75.
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