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Heavy oil refers to the part of crude oil that is not amenable to further distillation. Processing of
these materials to useful products provides added value, but requires advanced technology as well as
extensive characterization in order to optimize the yield of the most profitable products. The use of
comprehensive two-dimensional liquid chromatography (LC x LC) was investigated for the characteri-
zation of de-asphalted short residue, also called maltenes. Initial studies were performed on a polycyclic
aromatic hydrocarbon standard, an aromatic extract of hydrowax, and the fractions obtained after sol-

I;EJ(; ‘;‘;orrefi';jue vent fractionation of the maltenes. Cyanopropyl- and octadecyl-silica were used as first-dimension and
PAH second-dimension columns, respectively. The analysis of the maltenes and fractions thereof required

Vacuum distillation a change in first-dimension stationary phase to biphenyl as well as an increase in modifier strength
De-asphalted heavy oil to improve recovery. The extensive characterization of maltenes with LC x LC within four hours was
PIOTR demonstrated.

SARA The Program for the Interpretive Optimization of Two-dimensional Resolution (PIOTR) has been applied
to aid the method development, but due to the absence of specific peaks in the chromatograms it was
challenging to apply to the maltenes or its fractions. Nonetheless, an approach is suggested for resolution
optimization in cases such as the present one, in which regions of co-elution are observed, rather than
clearly separated peaks.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

A part of heavy oil is the short residue, also called vacuum
residue or vacuum bottoms. This is the solid hydrocarbon that
remains at the bottom of a vacuum distillation column after the
volatile material has removed at reduced pressure (Fig. 1). Extract-
ing higher value products out of this material requires additional
processing using delayed coking technology, such as Exxon’s Flex-
icoker [1] or Shell’s Hycon [2]. To optimize the yield of the most
profitable products from these processes, the material needs to be
thoroughly characterized in order to optimize the conversion pro-
cess [3]. The characterization of the short residue still has room for
improvement, although optimization is definitely a challenge.

Since the molecular composition of short residue is so complex,
the material is often separated before analysis into sub-fractions

* Corresponding author at: Science Park 904, Amsterdam, 1098 XH, The
Netherlands.
E-mail address: F.T.vanBeek@uva.nl (F.T. van Beek).
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based on solubility behavior [4,5]. One of the main methods for this
isaliquid chromatographic (LC) method known as SARA analysis, in
which a hydrocarbon mixture is separated into four fractions: Satu-
rates, Aromatics, Resins, and Asphaltenes [6]. The saturate fraction
includes alkanes (paraffins) and cyclic alkanes (naphthenes). The
aromatic fraction consists of molecules incorporating at least one
aromatic ring. The resin fraction consists of compounds that con-
tain heteroatoms, hence it is often referred to as the polar fraction
or the “polars”. This is evident by the fractionation process as the
resins stick to the stationary phase until (back)flushing with a rela-
tively polar solvent, such as dichloromethane (DCM). Asphaltenes
are defined by their solubility range. They are soluble in toluene, but
precipitate upon addition of excess n-heptane or n-pentane [7]. One
has to be aware that SARA fractions are never completely excised
from one another [8]. This remains inevitable when employing
solvent fractionation. Understanding the composition of a specific
SARA fraction can provide valuable insights, whilst retaining much
of the sample dimensionality [9], and provide feedback for further
processing of the short residues into profitable products.

0021-9673/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic of a petroleum refinery, adapted from Speight et al. [6].

For the analysis of heavy oils many techniques have been
applied, including Fourier-transform ion-cyclotron-resonance
mass spectrometry (FT-ICR MS) [10-12], high-temperature com-
prehensive two-dimensional gas chromatography (HT-GC x GC)
[13,14] and comprehensive two-dimensional supercritical-fluid
chromatography (SFC x SFC) [15,16]. Dutriez et al. [17] analyzed
resin fractions using both FT-ICR MS and HT-GC x GC in order to
compare the analytical capabilities of these techniques for heavy
oils. However, as the components become heavier and less volatile,
their analysis becomes more difficult. Volatility of a sample is
an inherent requirement for gas chromatography (GC) and since
this property decreases as the molar masses and polarity of oil
components increases, GC x GC becomes more complicated and
eventually impossible for materials such as short residue. FT-ICR
MS is able to deal better with heavier samples, but struggles with
accurate quantification and with the separation of isomeric com-
ponents. Techniques like supercritical-fluid chromatography (SFC)
and LC are better suited for characterizing short residue, since they
do not require volatile analytes. Nevertheless, the analysis of heavy
components heavier than Cgg is troublesome for SFC [16].

While one-dimensional liquid chromatography (1D-LC) is most
often employed for sample preparation and fractionation of heavy
hydrocarbons, comprehensive component analysis is impossible
due to broad, unresolved peaks in the chromatogram caused by
the molecular complexity of the sample [18,19]. The purpose of
this work is to determine if comprehensive two-dimensional liquid
chromatography (LC x LC) could be a possible alternative approach.

LC x LC is a method in which the first-dimension (D) chro-
matographic column is coupled to a second-dimension (2D)
chromatographic column through a switching valve or another
transferring device in order to subject the entire !D effluent to 2D
separations[20,21]. The effluent from the ' D should be sampled 2-4
times over the 4-o width of the 1D peak to ensure two-dimensional
resolution [22,23]. In LC x LC the peak capacities of the two dimen-
sions can ideally be multiplied, giving rise to an immense increase
in separation power [18,23,24]. In order to deal with complex sam-
ples that require more peak capacity than an LC method can offer,
LC x LC seems to provide good prospects. Duarte et al. [25] applied
LC x LC on natural organic matter, where 1D-LC could not handle
the sample complexity, and showed great improvement in their
ability to resolve individual components in the sample. Similarly,
Murahashi [26] performed LC x LC on polycyclic aromatic hydro-
carbons (PAHs) in environmental samples and showed that the
technique provided valuable additional information. More specifi-
cally, Jakobsen et al. [27] applied LC x LC with pulsed elution of the
first dimension to a heavy oil fraction of vacuum gas oil and coker
gas oil.

Nevertheless, the advantages of the additional dimension in
LC x LC come at the cost of significantly more complicated method
development [21,28-30]. As the two columns are coupled through
a modulation device, often consisting of a switching valve and two
loops that are filled and emptied consecutively, the optimization
of both separations is no longer independent. Similar to 1D-LC,
LC x LC also requires optimization of individual parameters, such
as column dimensions, particle size, flow rate, mobile-phase com-

position, temperature, pH, etc. In addition, LC x LC requires the
compatibility of the two dimensions and the way they are con-
nected to be considered, i.e. modulation time and the effects of the
1D effluent on the 2D separation [31]. Recently described software
called “Program for Interpretive Optimization of Two-dimensional
Resolution” (PIOTR) developed by Pirok et al. [32] was shown to
speed up LC x LC method development, based on only a few exper-
iments, taking into account the retention behavior of the analytes
under varying isocratic or gradient mobile-phase conditions.

Vanhoenacker et al. [33] achieved a separation of a petroleum
short residue by multiple-heart-cut two-dimensional liquid chro-
matography (2D-LC), using a combination of normal-phase LC
(NPLC) and reversed-phase LC (RPLC). Although they were specif-
ically interested in the quantification of PAHs to deal with
regulations, their work suggested that comprehensive two-
dimensional separation of short residues could provide a more
complete overview of sample composition. In fact, Vanhoenacker
et al. [34] investigated LC x LC of the aromatic fraction of mineral
oil after liquid-liquid extraction using n-hexane and nitromethane.
Although this method provided more comprehensive information
on the sample, the mineral-oil fraction studied was probably still
light enough to enable analysis by the previously mentioned meth-
ods, i.e. FT-ICR/MS and HT-GC x GC, which are more mature and
already used routinely. To the authors’ knowledge the application
of LC x LC to short residue fractions has not been reported previ-
ously.

In this work, an LC x LC method has been developed to sepa-
rate the saturate, aromatic and resin fractions of de-asphalted short
residue in order to provide feedback for oil processing. To stream-
line method development and to test the efficacy of the available
software, PIOTR [32] was applied in the current work.

2. Material and methods
2.1. Instrumental

The main instrument used in this study was an Agilent
1290 Infinity II 2D-LC Solution (Agilent, Germany). The system
included two binary pumps (G7120 A) with V35 Jet Weaver mixers
(G4220-60006), a multisampler (G71678), two thermostatted col-
umn compartments (G71168) equipped with a 2-pos/6-port valve
(5067-4137) and 2-pos/8-port valve (5067-4214) fitted with two
40-nL loops, and a diode-array detector (DAD; G7117B) fitted with
a Max-Light Cell (G4212-60008). After the DAD a Thermo Scien-
tific Dionex Corona Veo RS charged-aerosol detector (CAD) was
attached, through a T-piece with a pressure release (G4212-68001),
which communicated with the system through a transformer box
(G13908).

An Agilent stable-bond cyanopropyl column (CN; 100 x 2.1 mm,
3.5 wm), or a Phenomenex Kinetex pentafluorophenyl column (F5;
100 x 3.0mm, 2.6 wm), or a Phenomenex Kinetex biphenyl col-
umn (BiPh; 100 x 3.0 mm, 2.6 wm) was used in the first dimension.
An Agilent Zorbax RRHD Eclipse PAH column (Cqg; 50 x 3.0 mm,
1.8 wm) was used in the second dimension.

The system was controlled by Agilent OpenLAB CDS Chemsta-
tion Edition A02.02 software. Data were collected using Agilent
OpenLAB CDS ChemStation Edition for LC & LC/MS Systems, Ver-
sion C.01.07 [27] with Agilent 1290 Infinity 2D-LC Software, Version
A.01.02[025]. Data was processed using MatLAB R2015a version
8.5.0.197613 (Mathworks, Woodshole, MA, USA).

2.2. Chemicals

2-Propanol (IPA, gradient grade), acetonitrile (ACN, Reag. Ph Eur
gradient grade), dichloromethane (DCM, for liquid chromatogra-
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phy), methanol (MeOH, Reag. Ph Eur gradient grade), and toluene
(for liquid chromatography) were LiChrosolv purchased from
Merck (Darmstadt, Germany). Deionized water was prepared using
a MilliQ Integral A-10 system from Merck.

2.3. Samples

The oil samples were obtained from Shell Global Solutions Inter-
national B.V. in Amsterdam, The Netherlands. After asphaltene
removal according to ASTM method D3279 [7], the remaining de-
asphalted short residue, referred to as maltenes, was fractionated
according to an in-house SARA fractionation method to obtain the
saturate, aromatic and resin fractions. The samples were dissolved
in toluene to a concentration of 20 mg/mL. The aromatic extract
of hydrowax (HW) was obtained by liquid-liquid extraction with
DMSO. A 24-component polycyclic aromatic hydrocarbon standard
mix, as tested in EPA method 610 (PAH610), was obtained from
Accustandard (p.n. M-8100-QC, New Haven, Connecticut, USA).
This PAH610 standard contained polycyclic aromatic hydrocarbons
ranging from 2-ringed structures up to 6-ringed structures, includ-
ing a few nitrated and methylated compounds.

2.4. Methods

2.4.1. 1D-LC methods

For comparison of the 1D stationary phases the column ovens
were set to 40°C and the acquisition rate of the DAD was set to
80 Hz, with a 4 nm slit width to collect data at wavelengths of 220,
254, 280, 305, 340, and 500 nm. The injection volume was 0.1 L.
Different mobile-phase compositions were used; water (A) and
ACN (B), water (A) and MeOH (B), or water/MeOH 50:50 (v/v) (A)
and THF (B) for the respective investigations into modifier influ-
ence.

The BiPh and F5 columns were used at a flow rate of 0.6 mL/min.
For the modifiers ACN and MeOH the gradient programs were:
0-0.05 min, isocratic at 50%B; 0.05-32.05 min, linear gradient to
100%B; 32.05-55 min, isocratic at 100%B; 55-56 min, linear gradi-
ent to 50%B; 56-60 min, isocratic at 50%B. For the THF modifier, the
gradient program was somewhat different to reflect the greater
eluent strength of solvent A: 0-0.05min, isocratic at 100%A;
0.05-32.05 min, linear gradient to 100%B; 32.05-55 min, isocratic
at 100%B; 55-56 min, linear gradient to 100%A; 56-60 min, isocratic
at 100%A.

Due to a lower maximum pressure tolerance of the CN column
compared to the BiPh and F5 columns a flow rate of 0.4 mL/min
was used when testing the CN column. In order to keep the
number of column volumes consistent with those of the other
columns, the gradient programs for the modifiers ACN and MeOH
were: 0-0.04 min, isocratic at 50%B; 0.04-23.6 min, linear gradi-
ent to 100%B; 23.6-40.4 min, isocratic at 100%B; 40.4-41.1 min,
linear gradient to 50%B; 41.1-44.1 min, isocratic at 50%B. Again
accounting for the greater eluent strength, the gradient pro-
gram for the THF modifier was: 0-0.04 min, isocratic at 100%A;
0.04-23.6 min, linear gradient to 100%B; 23.6-40.4 min, isocratic
at 100%B; 40.4-41.1 min, linear gradient to 100%A; 41.1-44.1 min,
isocratic at 100%A.

The 1D-LC separation of HW was performed at 40 °C with a flow
rate of 0.85 mL/min on the C;g column (see Section 2.1). The acqui-
sition rate of the DAD was set to 80 Hz with a 4 nm slit width to
collect at wavelengths of 220 nm and 340 nm. The injection vol-
ume was 0.1 L. The mobile phase consisted of water (A) and ACN
(B), which were combined in a gradient program: 0-0.05 min, iso-
cratic at 40%B; 0.05-12 min, linear gradient to 100%B; 12-18 min,
isocratic at 100%B; 18-20 min, linear gradient to 40%B; 20-24 min,
isocratic at 40%B.

2.4.2. LC x LC of aromatic extract of hydrowax and aromatic
fraction of maltenes

The initial LC x LC method, applied to the HW sample and the
aromatic fraction of maltenes, employed a CN and a Cyg station-
ary phase in the 'D and 2D, respectively. The dwell volumes for
the 'D and 2D were 174 pL and 190 p.L respectively. UV data were
recorded at 220, 254, 280, 305, 340 nm at 80 Hz and CAD data was
recorded at 100Hz in the 0-500 pA range. The injection volume
was set to 1.0 L. The temperature of both thermostatted column
compartments was set to 40 °C. The 1D mobile phase was water (A)
and ACN (B). The flow rate was set to 20 p.L/min with the following
a gradient program: 0-2 min, isocratic at 50%B; 2-242 min, linear
gradient to 100%B; 242-332 min, isocratic at 100%B; 332-338 min,
linear gradient to 50%B; 338-355 min, isocratic at 50%B. The 2D
mobile phase was MeOH (A) and DCM (B). The flow rate was set to
2.0 mL/min with the following gradient program: 0-1.3 min, linear
gradient from 0% to 65%B; 1.3-1.35 min, linear gradient to 100%A;
1.35-1.5min, isocratic at 100%A. This gradient was repeated from
0 to 337.5 min of the analysis with a modulation time of 1.5 min.

2.4.3. LC x LC for PIOTR

For both the HW and PAH610, the same methods were used
to generate peak data as input for PIOTR. Both methods were per-
formed at 40 °C employing a CN and a C;g stationary phase as 1D
and 2D, respectively. The injection volume of HW and PAH610 were
1.0 uL and 0.5 L respectively. UV data was recorded at 220, 254,
280, 305, 340, and 500 nm at 80Hz and CAD data was recorded
at 25Hz in a 0-500 pA range. The D used water (A) and ACN (B)
at a flow rate of 10 pL/min, whilst the 2D used MeOH (A) and
DCM/MeOH 90:10 (v/v) (B) at a flow rate of 2.0 mL/min.

For the ‘fast’” PIOTR method employing a steep gradient, the
1D gradient was programmed to 180min: 0-2min, isocratic at
50%B; 2-150 min, linear gradient to 100%B; 150-167 min, isocratic
at 100%B; 167-175min, linear gradient to 50%B; 175-180 min,
isocratic at 50%B. The 2D was programmed to modulate up to
180 min with a modulation time of 1 min: 0-0.9 min, linear gradi-
ent from 100%A to 100%B; 0.9-0.95 min, linear gradient to 100%A;
0.95-1 min, isocratic at 100%A.

For the ‘slow’ PIOTR method employing a shallower gradient,
the 1D gradient was programmed to 540 min: 0-2 min, isocratic at
50%B; 2-450 min, linear gradient to 100%B; 450-500 min, isocratic
at 100%B; 500-525min, linear gradient to 50%B; 525-540 min,
isocratic at 50%B. The 2D was programmed to modulate up to
540 min with a modulation time of 3 min: 0-2.7 min, linear gradi-
ent from 100%A to 100%B; 2.7-2.85 min, linear gradient to 100%A;
2.85-3 min, isocratic at 100%A.

2.4.4. Optimum LC x LC method for aromatic extract of hydrowax

The optimum method determined by PIOTR, applied to HW
was performed using the same columns, mobile phases, injec-
tion volume, and data acquisition conditions as those applied
in the PIOTR experiments (see Section 2.4.3). The 'D flow rate
was set to 15uL/min with the following a gradient program:
0-1min, isocratic at 50%B; 1-101 min, linear gradient to 100%B;
101-158 min, isocratic at 100%B; 158-159 min, linear gradient to
50%B; 159-160 min, isocratic at 50%B. The 2D flow rate remained
the same at 2.0 mL/min but now followed the gradient program: 0-
0.2 min, isocratic at 100%A; 0.2-1.2 min, linear gradient to 11%B;
1.2-1.4min, linear gradient to 100%B; 1.4-1.92 min, isocratic at
100%B; 1.92-1.95 min, linear gradient to 100%A; 1.95-2 min, iso-
cratic at 100%A. This gradient was repeated from 0 to 160 min of
the analysis with a modulation time of 2 min.
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2.4.5. Optimum LC x LC method for polycyclic aromatic
hydrocarbon standard PAH610

The optimum method determined by PIOTR, applied to PAH610
was also performed using the same columns, mobile phases, and
data acquisition conditions as those applied in the PIOTR exper-
iments (see Section 2.4.3). The injection volume was 1.0 L. The
1D flow rate was set to 20 wL/min with the following a gradient
program: 0-10 min, isocratic at 50%B; 10-70 min, linear gradient
to 70%B; 70-118 min, isocratic at 70%B; 118-119 min, linear gra-
dient to 50%B; 119-120 min, isocratic at 50%B. The 2D flow rate
again remained the same at 2.0 mL/min, but flowed the gradient
program: 0-0.1 min, isocratic at 100%A; 0.1-0.95 min, linear gradi-
ent to 2.3%B; 0.95-1 min, linear gradient to 100%A. This gradient
was repeated from 0 to 120 min of the analysis with a modulation
time of 1 min.

2.4.6. LC x LC method for maltenes and its SARA fractions

The final LC x LC method, applied to the maltenes and its SARA
fractions employed a BiPh and C;g stationary phase as 'D and
2D, respectively. The flow rates, column temperature, and data
acquisition conditions were the same as those used initially (see
Section 2.4.2), but the injection volume was increased to 10 L.
The 'D mobile phase was MeOH (B) and THF (A) and followed the
gradient program: 0-260 min, linear gradient from 0% to 100%A;
260-270 min, isocratic at 100%A; 270-275 min, linear gradient
to 100%B; 275-280 min isocratic at 100%B. The 2D mobile phase
remained the same using of MeOH (A) and DCM/MeOH 90:10 (v/v)
(B). The gradient was programmed to modulate up to 276 min with
amodulation time of 1.5 min: 0-1.3 min, linear gradient from 0% to
100%B; 1.3-1.35 min, isocratic at 100%B; 1.35-1.5 min linear gradi-
ent to 0%B.

3. Results and discussion

In industry, structure-property relationships based on compo-
sitional information, beyond straightforward solvent fractionation,
are crucial to successfully process short residue into useful prod-
ucts. In the case of short residue it is difficult to obtain meaningful
information from a 1D-LC experiment. A typical 1D-LC method for
heavy aromatics has been described by Fetzer et al. [35], where
the large PAHs were monitored at 305 and 340 nm. Since key
components to be measured co-elute with other components in
1D-LC, jeopardizing the accuracy of the analysis, LC x LC analysis
was attempted in this work to improve the separation. Although
the 1D-LC separation in Fig. 2A is clearly superior to the reconsti-
tuted 1D-LC of the same column in LC x LC (shown to the left of the
LC x LC chromatogram in Fig. 2B), one must take into account the
compromises that need to be made in order to make the LC x LC
separation possible and competitive to 1D-LC. Theoretical calcula-
tion of the peak capacity in 1D-LC gives an approximate value of 50,
whereas the peak capacity in LC x LC is the product of both dimen-
sions giving an approximate peak capacity of 875. Even though
the separation space is not entirely utilized, the possible gain in
separation is still major. As seen in Fig. 2A, 1D-LC of HW shows a
great deal of overlap between peaks and poor or no baseline res-
olution. The heavier components of interest, eluting after 10 min,
overlap with other components and show poor baseline resolution,
which makes quantification difficult. These components are clearly
separated using LC x LC as seen in Fig. 2B, where the heavier com-
ponents elute as peaks fully resolved from the bulk. Therefore, a
two-dimensional approach may result in more-accurate identifi-
cation and quantitation of the high-molecular-mass aromatics.

3.1. Optimization of separations of PAH610 and HW using PIOTR

Although applying an LC x LC method to HW showed that this
can provide added value, optimizing such a method takes a long
time. This is not favourable in industry. A sub-optimal, robust and
reliable method may often be accepted, avoiding the costs associ-
ated with optimizing a method during several months. This is one of
the reasons for which the “Program for Interpretive Optimization
of Two-dimensional Resolution” (PIOTR) was developed by Pirok
et al. [32]. The program requires retention data of a number of
compounds of interest obtained from two LC x LC chromatograms
with sufficiently different gradient slopes in each dimension to
establish retention-model parameters. These parameters can be
used to predict the retention times under any type of mobile-
phase-composition program. The various method parameters are
optimized by simulating a large number of methods, after which
the analyst may assess the separation performance by evaluation
of quality descriptors (e.g. orthogonality, resolution and analysis
time) through Pareto-optimality (PO) plots. PO plots can be used to
display only the Pareto front, i.e. those points for which the different
criteria cannot all be improved simultaneously. For example, in a PO
plot with analysis time and resolution as criteria, only those points
are retained at which better resolution in a shorter time cannot be
achieved.

It was decided to test the program on a standard PAH sam-
ple (PAH610), as well as on the HW sample. Fig. 3 shows the
fast and slow chromatograms obtained for the optimization by
PIOTR and the chromatogram collected after applying the opti-
mized method to PAH610 (3 A, 3B and 3Crespectively)and HW (3D,
3E, and 3 F respectively). Both of the optimized methods require a
shorter analysis time. The optimized method for PAH610 clearly
shows increased resolution and orthogonality, whereas the opti-
mized method for HW mainly led to improvements in terms of
analysis time and orthogonality.

Using the data from Figs. 3A, B, D and E, PO-plots were auto-
matically generated by PIOTR for all possible combinations of
input parameters, as can be seen in Fig. 4A, in which the possible
outcomes for the optimization of PAH610 are depicted. The pareto-
optimal front is highlighted by a red dashed line and the selected
optimum method was a point on the Pareto-optimal front indicated
by a yellow circle and pointed out by the arrow. This method was
only one out of a range of possible methods and was selected based
on a combination of resolution, orthogonality and analysis time.
The optimization approach focused on the parameters of orthogo-
nality, resolution and analysis time. The measure of resolution was
calculated as described by Pirok et al. [32], in short the resolution
of a peak is calculated in relation to all other peaks in the chro-
matogram. Since PIOTR allows the user to inspect every PO point
and make a decision based on the scores and attractiveness of the
chromatogram, a balance could be found between analysis time,
resolution and orthogonality. The decision of selecting a point in
the PO-plot remains that of the analyst and could be revisited if the
validation fails or if the analytical question changes.

The experimentally obtained “optimal” method was compared
with the theoretical prediction using the experiment-verification
tool, which allows one to determine whether the predicted and
experimental results concur or deviate significantly. Deviations
between the predicted and experimental results may indicate
misassignments during peak tracking, imperfect retention mod-
els or experimental variability. Fig. 4B shows the validation plot
of PAH610 given by PIOTR in which the experimentally obtained
peaks have been selected as points. The black circles connected to
the experimental points depict the retention times of the corre-
sponding peaks as predicted by PIOTR. The plot is supported by a
validation table, seen in the supplementary information S3, which
indicates the difference between the experimental and predicted



114

450 T T T T T T T

400

350

300

N
a
o

N
(=}
o

Intensity (mAU)

-
[}
o

100

50

0 I N | | | | | ] I
7 8 9 10 11 12 13
Retention time (min) - C1B

6000

[}

14

Fig. 2. (A) LC-UV chromatogram of HW shown at a detection wavelength of 340 nm, reco

g
Sum of intensities

F.T. van Beek et al. / ]. Chromatogr. A 1564 (2018) 110-119

g x10* :

Nos o

Sum of intensities

o
o

60 90 120 150

30

90

® O
o O

40 50 60 70 80
(41} [} ~
o o o

N
o

30

30

20
2D retention time (sec)-C 18

20

10

10

o
=)

Q
=1
<]
«

Q
S
13

30 60 90 120
"D retention time (min) - Cyanopropyl

150

rded according to the method described in Section 2.4.1 using the same Cyg column

as in the second dimension of the LC x LC analysis. (B) LC x LC-UV chromatogram of HW, shown at a detection wavelength of 340 nm, recorded according to the method
described in Section 2.4.2. The LC-UV chromatograms to the left and top of the LC x LC chromatogram have been reconstructed from the LC x LC data. Reconstruction was
performed by summing all intensities of the ' D to obtain the (red) chromatogram to the left and summing all intensities of the 2D to obtain the (green) chromatogram to the

top. For the full chromatograms see supplementary information S1.

30 40 50
A ;- B L 5
m 40
30 | - o
- - _%
20 )
; :_ 30
- - “
L 20 - o
= L 20 =
- 101 - - - — [l
O 101 10 = jsa
I = o =
) E
Q
£ o ; , , ; ! . — o ! . ; ; , ,
g 50 60 70 8 90 100 110 120 60 70 80 90 100 110 120 130 140 150 160170180 20 30 40 50 60 70 80 90
'*; 50 - 80 100
o
g D o E
% 40 60
5 - 70
304 501 ’ 60 1 L
40 50 -
20 301 40
30 |
20
10 - 20 -
. . 101 T I ——- — .
0 —_— 0 — —_— _ 0 —_—
60 70 80 90 100 110 120 130 140 150 160 60 80 100 120 140 160 180 200 220 240 260 30 40 50 60 70 80 90 100 110 120

D retention time (min) — Cyanopropyl

Fig. 3. LC x LC-UV chromatograms of the fast (A), slow (B), and optimized (C) separations of PAH610 and the fast (D), slow (E), and optimized (F) separations of HW, shown
at a detection wavelength of 340 nm. The chromatograms were recorded according to the methods described in Sections 2.4.3, 2.4.4, and 2.4.5. For the full chromatograms

see supplementary information S2.

data numerically. The differences in the current example seem to be
small, except around 50 min in 'D, where the experimental peaks
and predicted points (depicted as black circles) are quite far apart
as indicated by the long (red) lines. This may be due to the fact that
the gradient parameters of the predicted optimal method were not
within the domain of the scanning gradients used to determine the
retention parameters, which has very recently been shown to affect
the accuracy of prediction [36].

3.2. LCx LC of SARA fractions

LC x LC provides added value to the separation of HW, since
many components co-eluting in 1D-LC can now be separated. When
LC x LC is applied to heavier, more complex samples, such as SARA
fractions the outcome may be less clear. The boiling-point range
of a short residue starts at 470°C under vacuum conditions. In
this domain the numbers of isomers present ranges in the billions
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[37]. By taking the aromatic SARA fraction of a de-asphalted short
residue as an intermediate sample, the number of components is
reduced. However, the sample complexity remains high. Beside the
many aromatic components, some saturate and resin components
may still be present due to the nature of the solvent-fractionation
process.

As can be seen from Fig. 5, a method similar to that applied to
HW does not result in the elution of the entire aromatic SARA frac-
tion. Nevertheless, some potentially useful separation is observed,
which may reveal underlying information about the composition of
this particular fraction. One can observe at least three main regions
that have been separated; a fanned out pattern similar to HW indi-
cated by the red dotted line; a broad stretched out diagonal smear;
and a thin tail indicated by the pink dashed line. Further study of
the fractions eluting in the different regions using MS may pro-
vide more insight in the separation, but this was not the aim of the
present study. Although the identification of components in this
separation was not performed, the comparison of samples from dif-
ferent origins may give a quick indication of the variations between
them.

3.3. Stationary- and mobile-phase optimization for LC x LC of
maltenes

Our aim was to analyse a maltenes sample in one run using
LC x LC. Such a de-asphalted short residue contains a myriad of
compounds, including apolar and polar components. These are
expected to elute both before and after the components eluting
from the aromatic fraction of maltenes seen in Fig. 5. To develop
a method tailored to the maltenes sample, an initial optimization
of stationary and mobile phases was performed. The optimization
focussed on the first dimension, which was deemed to be the limit-
ing factor with respect to the recovery of the sample. We aimed to
maximize the orthogonality of the two separations, without turn-
ing to NPLC, as this would not be compatible with the RPLC second
dimension. A few alternative stationary phases were compared
using different modifiers. Fig. 6 shows the separation of PAH610
on a CN (red, dashed line), an F5 (green, dotted line), and a BiPh
(blue, solid line) stationary phase using identical mobile-phase con-
ditions.

To enhance the recovery, purging with a strong solvent is
required. In the present case THF was investigated for this purpose.
The F5 and BiPh stationary phases showed sufficient retention.
The latter stationary phase was selected, since it possessed the
highest column efficiency. For the performance-test results see

supplementary information S4. Fig. 7 shows a comparison of the
chromatograms obtained with gradients from water/MeOH 50:50
(v/v) to MeOH (red, dashed line), water/ACN 50:50 (v/v) to ACN
(blue, dotted line) and MeOH to THF (green, solid line) to elute the
aromatic fraction of maltenes. Although the elution window is nar-
rowed using THF, a much greater fraction of the sample is seen to
elute. The signal returns to the baseline early, suggesting complete
elution of the sample. The disturbance in the signal between 1 and
5min is due to the oversaturation of the detector from the sample
solvent toluene, which is evident after subtraction of the blank. The
modifier comparison is similar for the CN and F5 stationary phases,
which can be seen in supplementary information S5.

Although the optimization of the first dimension was crucial to
allow all of the sample to elute, the second-dimension performance
was found to be adequate for application. A polymeric C;g station-
ary phase was used because of its additional shape selectivity and
better resolution in comparison with typical C;g stationary phases,
as explained by Sander and Wise [38,39].

3.4. LC x LC of maltenes

The new LC x LC method for separating the SARA fractions
appeared to elute all of the components and the results, seen in
Fig. 8, suggested that the fractions could be separated from each
other. In order to detect the saturated components a charged-
aerosol detector (CAD) was added after the UV detector. This led
to the interesting observation of a bimodal distribution for the
saturate fraction, which suggests significant differences between
the various saturated components. Although the separation of the
fractions may not seem all that great, one must realize that the
number of components present is extremely high [37]. The required
peak capacity to resolve all these compounds is currently impos-
sible to reach, leading to smeared out regions rather than sharp
peaks. Interestingly, the slope of the aromatics band (Figs. 8B and E)
seems somewhat steeper than that of the other fractions, suggest-
ing a higher retention of aromatic compounds on the C;g stationary
phase.

To indicate whether it would be possible to separate the frac-
tions of maltenes within one run, the separations were overlaid
using the contours of the fractions in the CAD data, see Fig. 9A.
Additionally, the maltenes sample from which the fractions were
separated was injected in the LC x LC system and detected using
UV, see Fig. 9B, and CAD, see Fig. 9C. From these results is can be
seen that there is good separation of the saturate fraction, but that
the aromatic and resin fraction still appear to co-elute. This may be
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explained by the sheer number of compounds present. Neverthe- Optimizing the gradients of this LC x LC method could improve
less, the separation power of this system, using the current column the separation and may slightly pull apart the different groups.
combination and conditions, seems insufficient to fully differenti- However, PIOTR has never been applied to this type of sam-

ate between the aromatic and resin fractions. ple, since it requires individual peaks to be tracked to determine
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their retention parameters. Pinpointing the retention times of spe-
cific components in a sample which contains such a multitude of
components has been attempted by fractionating the sample and
re-injecting well-separated fractions into the fast and slow gradi-
ent runs, essentially creating artificial peak maxima. Since the peak
maxima of fractions will be selected as input rather than the peak
maxima of specific components, further investigation outside the
scope of this study is required to determine whether this approach
is applicable.

4. Conclusions

An initial separation of heavy oil using LC x LC has been
achieved. Saturates were separated from the aromatics and resins,
although, the latter were not resolved fully. The choice of station-
ary phases and the respective selectivity obtained for the samples
remain the limiting factors for obtaining informative separations.

PIOTR was applied to a standard mixture of polycyclic aromatic
hydrocarbons and to an aromatic extract of hydrowax. This showed
promise, but it is not yet possible to apply PIOTR to samples that
do not yield distinct peaks. To develop our understanding of the
maltenes further it would be useful to apply PIOTR. The retention
parameters obtained through this program can provide insight into
the behavior and, consequently, the nature of components within
a certain separation space. A possible way to enable the track-
ing of peaks between the fast and slow runs needed as input for
PIOTR would be to fractionate the sample. Re-injecting fractions
that were collected with sufficient time between them in both the
fast and slow run will allow tracking of the fraction maxima. PIOTR
could be applied on these maxima and be used to optimize the
gradients. Although this may seem like a simple solution it does
require quite a bit more time than just the collection of two LC x LC
chromatograms, which is one of the key assets of PIOTR.

Another way to improve our understanding of the maltenes
sample as well as its separation, would be to attach an MS to the
end of the system. However, the nature of the sample may com-
plicate this hyphenation. The complexity of the sample and the
myriad of components present may cause matrix effects as well
as preferred or suppressed ionization of specific species. Neverthe-
less, the addition of the MS data would make the application of
PIOTR a lot easier, since it would allow for specific components to
be tracked according to their mass-to-charge ratio.
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