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INTEGRATED HYDROCARBON ANALYSIS

FIELD OF THE INVENTION

(6001} This invention provides methods for characterizing the composition of
petroleum or hydrocarbon fractions, such as distilate fractions or other fractions that can
pass through a gas chromatography column.

BACKGROUND OF THE INVENTION

18302} Petroleum samples are complicated hydrocarbon mixtares containing paraffins,
cyclic paraffing, multiving aromatics, and varions heteroatomic hydrocarbons {most
commonly O, 8, and N). Virgin petroleam crude oils contain molecules of a wide boiling
point range from highly velatile C4 hydrocarbons to nonvolatile asphaltencs. Analysis of
petroleum composttion of various boiling ranges is valuable for improving the operation of
many subsequent processes.

[8303] Determining the composition of a petroleum sample can be beneficial for a
variety of reasons. For example, the composition of a distillate boiling range sample can
provide insight into the energy value of the sample as well as the cold flow propertics.
[6604] 1.8, Patent 7,598,487 describes methods for characterizing the composition of
a petroleum sample, such as a distillate sample. The sample is characterized using two
types of techniques. One type of characterization is to use a gas chromatograph with a
ficld ionization time-of-flight mass spectrometer to determine the identity of species within
a sample. This chromatographic characterization is used in combination with another
technique that can provide relative amonnts of general classes of compounds within the
sample. Supercritical fluid chromatography is described as an example of a technigue for

determining relative amounts of the compound classes in a sample.

[6005] In an embodiment, a method for characterizing petroleum or other hydrocarbon
compasitions is provided. The method includes separating a first plurality of compounds
in a first hydrocarbon sample using a first gas chromatography separation; determining a
composition and a first weight for cach of the separated first plurality of compounds using

mass spectrometry, the wons for mass spectroretry being formed by a soft ionization
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method; separating a sccond plurality of compounds in a sceond hydrocarbon sample using
a second gas chromatography separation, the second gas chromatography separation
inclading at least a first separation stage and a second separation stage, the second
hydrocarbon sample being derived from the sarme hydrocarbon souree as the first
hydrocarbon sample; determining a second weight for cach of the separated second
plurality of compounds; assigning the separated sccond plurality of compounds to a
plurality of compound classes; determining a relative weight for cach of the plurality of
compound classes based on the second weights of the assigned compounds for cach
coropound class; normalizing the first weight for cach of at least a portion of the first
separated plurality of compounds, based on the determined relative weights for the
pharality of compound c¢lasses, to generate a normalized weight for cach compound, the
normalizing of a first weight for a compound being based on at least a compound class
corresponding to a determined composition for the compound; and developing a model of
composition for the hydrocarbon source based on at least the normalized weights for the
first separated phurality of compounds.

[8006] In another embodiment, a method for characterizing petroleum or other
hydrocarbon compositions is provided. The method includes separating a first plurality of
compounds in a first hydrocarbon sample using a first gas chromatography separation,
cach compound in the first plurality of compounds being within a retention normal-
paraffin index window; determining compositions for the separated first plurality of
compounds Using mass spectrometry, the ions for mass spectrometry being formed by a
soft ionization method; separating a second plurality of compounds in a second
hydrocarbon sample using a second gas chromatography separation, the second gas
chromatography separation including at least a first separation stage and a second
separation stage, the second hydrocarbon sample being derived from the same hydrocarbon
source as the first hydrocarbon sample, cach compound in the second plurality of
compounds corresponding to a compound in the first plurality of compounds, where cach
compound in the second plurality of compounds is within the same retention normal-
paraffin index window as the corresponding compound in the first plurality of compounds;

determining relative weights for the separated second plurality of compounds; correlating
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the first plurality of compounds with the second plurality of compounds; and developing a
model of composition for the hydrocarbon source based on the correlation of the fivst
plurality of compounds with the second plurality of compounds, and based on combining
the determined compositions for the first plurality of compounds to provide a total
corposition.

{8087} Optionally, the roethods can further inclade normalizing of a first weight fora
cornpound based on a retention window corresponding to the determined compound.
Optionally, the methods can further comprise identifying a composition for one or more
paraffin compounds in the separated second plurality of compounds.

BRIEF DESCRIPTION OF THE FIGURES

(8008} FIG. 1 shows a supereritical fluid chromatogram of a digsel boiling range
sample.
[86469] FIG. 2 shows a 1D-~gas chromatogram based on flame ionization detection of a

diesel boiling range sample.

(8610} FIG. 3 shows a 2D-gas chromatogram based on flame jonization detection of a
diesel boiling range sample.

(6611} FIGS. 4 — 6 show examples of assignments of compounds to Z-classes.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Overview

18012} In various aspects of the invention, peiroleum or other hvdrocarbon samples
can be analyzed in paralel by 1} GC-ficld ionization Time of Flight Mass Spectrometer
(GC-FI-TOF MS) and 2) two dimensional gas chromatography (2D-GC) equipped with a
flame ionization detector (FID). The petroleum / hydrocarbon samples can be, for
example, one or more samples from g whole crude, a total liguid product from a research
or refinery process, of a fraction or intermediate stream from research or refinery process.
If a sample has an upper boiling point less than 1050°F (566°C), a composition for the
cntire sampic can be determined. Hf the samples contain 1050°F+ material, the 1050°F+
material may not be suitable for clution through a gas chromatography column. In this

type of situation, the composition can be normalized based on the yield of the 1050°F-
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material. The yield of the 1050°F- material can be determined by 2D-GC-FID using a
reference petroleurn sample that 8 known to comapletely eluie from the 2D-GC system.
[6813] In various aspects of the invention, molecular attributes and their quantities are
determined by GC-FI-TOF MS. The total quantitics of compound classes are also
determived by 2D3-GC. The sum of molecular attvibutes within a compound class are then
normalized based on the quantity for the corresponding class determined by 2D-GC.
MNormal paraffin carbon number distributions can also be directly determined by 2D-GC.
(8014} GC-FI-TOF MS identifies molecules in the petroleum {or hydrocarbon)
samples. In this technique, GC separates petroleurn molecules by their botling points and
polarities. For the GC methods deseribed herein, the chited molecules were jfonized neara
field ionization emitter. In this type of ionization, an electron is removed from the
petroleum molecule via a “quantam tunneling effect” to form molecular ions. The mass to
charge ratios (i/z} of the molecular ions were then accurately measured. Since field
tonization of petroleum molecules produces primarily singly charged ions, the molecular
mass and m/z can be used interchangeably. Empirical molecular formulas
(C.HozSNLO,) were assigned to the molecular mass detected by the technique. Based
on Z-mumbers as defined in an assigned molecular formmla, petroleum molecules can be
grouped into paraffins, naphthenes, f-ring aromatics, 2-ring aromatics, 3-ring aromatics, 4~
ring aromatics and S-ring+ aromatics. {Sce Tables 2, 3 and 4 below for relationships
between Z-numbers and compound classes.) Sulfur and di-sulfur molecules were grouped
into corresponding hvdrocarbon compound ¢lasses for normalization purpose. For
example, benzothiophenes were included in total diaromatics. Also, aliphatic sulfides were
grouped into saturated hydrocarbons classes, although these molecules do not strictly
belong to those chemical classes.

[6015] 20-GC separates petrolenm molecules into various compound classes and
gquantifics the total of compound classes by FID, In the 2D-GC methods described herein,
the first dimension separated petroleum molecules by boiling point (primarily influenced
by carbon number and heteroatom content). The second dimension of GC separated
petroleum molecules by polarity {primarily influcnced by aromaticity and heteratom

—~

function groups). The 2D-GC compound classes included paratting, 1-ring naphthenes,
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2-ring+ naphthenes, 1-ring aromatics, 2-ring aromatics, 3-ring aromatics, 4-ring aromatics
and S-ring+aromatics. 2D-GC also allowed for determination of total normal paraffin
concentrations and carbon number distributions. By analyzing a reference (a material that
can completely elute from a 2D-GC system, such as diesel), a recovery or yvield can be
determined for the analyte samples.

{8016} Characterization of the compounds within a hydrocarbon fraction, such as a
petroleam fraction, 1s an ongoing problem. A variety of mass spectrometry technigues are
available that allow for qualitative determination of different types of compounds withina
hydrocarbon sample. Depending on the nature of the detector, mass spectrometers can

distinguish the molecular weights of compounds on the order of mDa. Since the weight of

12

any given isotope (except for “C, by definition} is not exactly an integer value of Daltons,
the detection limits of mass spectrometers are sufficient to differentiate between any two
compounds that have distinct atomic compositions,

8617} Unfortunately, the detectors used in mass spectrometry require generation of
tons for detection of species. For hydrocarbons, formation of ions from a sample is a
challenging problem. “Soft ionization” methods exist that allow for at [east some detection
of most types of hyvdrocarbons without substantial fragmentation. However, these soft
tonization methods can differ widely for how cffectively a given type of hydrocarbon is
tonized (i.¢., response factor for a given hvdrocarbon} both across different ionization
methods and within a single ionization method. As a result, although mass spectrometric
methods can provide qualitative information about the individual hydrocarbons within a
sample, it is difficult to obtain quantitative information regarding the amounts of
hydrocarbons to a desired degree of accuracy. Even obtaining information regarding
relative amounts of hydrocarbons within a sample can be a challenge if a sample containg
distinet classes of compounds, due to differences in ionization efficiency {response factor)
between compounds from different classes such as paraffins and aromatics.

{80618} The methods described in U.S. Patent 7,598,487 provide one option for
addressing the above difficulties in characterizing & hydrocarbon fraction. In U.S. Paternt
7,598,487, ficld-ionization time-of-flight mass spectrometry s used to identify the various

cornpounds present within a hydrocarbon sample. In order to determine the quantitics of
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cach compound, a technique such as supercritical fluid chromatography is used to generate
a profile of the various types of compound classes within the sample. Various portions of
the supereritical fluid chromatography output are assigned to specific types of molecules,
such as paraffins, naphthenes that inclode various murnbers of rings, and aromatics that
incluade various numbers of aromatic rings. These general assignments are used to provide
relative weightings for the amounts of cach molecular type or compound class within a
sample. The relative amounts of compounds within a given compound class are then
assigned based on calibrations from the mass spectrometry measurements. Al of this
informuation 1s then it to other balk properties of the sample in order to arrive at a model of
composition.

(86419} While the above technigue provides a model of composition, a number of
uncertainties remain in the gquantitative values generated by the model. For example, a
supercritical fluid chromatogram does not provide a clean distinction between some types
of compound classes, such as multi-ring naphthenes versus i-ring aromatics. As a resulf,
assignment of the relative amounts of these two compound classes in a supercritical fluid
chromatography spectrum is likely to result in some error refative to the actaal
compasition. Additionally, assigning relative amounts within a compound class based on
mass speetrometry is dependent on assuming that response factor for compounds within a
given componnd class is cither constant or that it varies in a predictable manner. Some
improvement in determination of relative amounts within a compound class can be
achicved by continuing to perform calibrations of the field-ionization time-of-flight mass
spectrometer using known samples, in order to obtain a table of representative response
factors.

16028] In various embodiments, quantitative characterization of a sample can be
improved and/or simplificd by using a combination of ficld-ionization time-of-flight mass
spectrometry and 2-dimensional gas chromatography with flame tonization detection. As
described above, the mass spectrometry is used to identify the various compounds within a
sample. The 2-dimensional gas chromatography with flamc ionization detection is then

used to determine the amounts of cach identitied compound within a sample.
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16621 Using flame ionization as the detector for a separation is beneficial for
wdentifying the amount of a compound that is present in a sample, but it does not directly
provide any compositional information. However, 2-dimensional gas chromatography
provides a detailed separation for the compounds within a sample. Based on this,
guantiative analysis of the 2D-GC can be used to provide normalization targets for the
field 1onization time-of-flight mass spectrometer, inchuding specific details on the normal
paraffin carbon number distribution. This allows for matching of the quantitative
information from the flame onization detector with both the qualitative information {such
as composttional information) and quantitative information of the field-ionization time-of-
flight mass spectrometer.

Peiroleum or Hyvdrocarbon Sarples for Analvsis

18022} In this description, reference may be made to hydrocarbon streams,
hydrocarbon samples, and/or hyvdrocarbon mixtures. Hydrocarbon streams, samples, or
mixtures are defined herein to include streams, samples, or mixfures containing
heteroatoms. As understood by those of skill in the art, a typical mineral petroleum
cedstock often includes compounds containing heteroatoms, such as (but not limited to}
compounds containing sulfur, nitrogen, trace metals, and/or oxygen., Unless itis
specifically indicated otherwise, hydrocarbon streams, samples, or mixtures are defined to
inchude streams, samples, or mixtures containing compounds that include such
heteroatoms. Thus, even though a typical petroleum sample containg atoms other than
carbon and hydrogen, such a petroleum sample is included in the definition of a
hydrocarbon sample.

(8623} In various embodiments, petroleum and/or other hvdrocarbon samples can be
analyzed using a combination of field ionization time-of-flight mass spectrometry and 2-
dimensional gas chromatography with flame ionization detection. For both of these
analysis methods, at least one separation stage of gas chromatography is used to separate a
sample to reduce the number of compounds reaching a corresponding detector at a given
time. Thus, petroleum and/or other hydrocarbon samples that arc characterized according
to embodiments of the invention arc preferably samples that are suitable for separation via

gas chromatography. In some erobodiments, the samoples correspond to sarmaples with a
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final boiling point of about 1050°F (566°C) or less. Such samples correspond to distillate
samples that can include diesel boiling range compounds, atmospheric gas oil compounds,
and vacuum gas oil compounds. Compounds with boiling points greater than 1000°F
{538°C), such as greater than about 1050°F (566°C) or 1100°F (593°C), depending on the
erabodiment, correspond to compounds from vacuum resid. Due to the higher boiling
point of vacuum resid compounds, the gas chromatography or the ficld ionization
techniques used in the invention may not have full effectiveness.

{8024} In other embodiments, a sample for analysis can correspond to a diesel boiling
range sample. Examples of diesel boiling range samples include samples with a boiling
range from about 400°F (204°C) to about 80G°F (427°C). o still other embodiments, if
kerosene boiling range compounds are also included in the sample, the initial boiling point
for the sample can be as low as at least about 215°F (102°C).

(8625} in this discussion, reference will be made to analyzing petroleum samples
and/or hydrocarbon samples. A petroleum and/or hydrocarbon sample can be obtained in
any convenient manner. An initial source for a sample can correspond fo a raw or virgin
mincral feed, a non-conventional feed such as a synthetic crude or a biologicaily derived
oil, an output from a refinery process, or a combination of any of the above, When
performing the combined analysis described herein, a single sample of a desired
hydrocarbon for study can be obtained and then divided into multiple portions for analysis.
Alternatively, multiple samples can be scparately obtained from the initial hydrocarbon
source. Still another option is to use any other convenient technigue for providing samples
to the analysis technigues. Of course, an “initial hydrocarbon source” can also be created
by mixing portions from a plurality of hydrocarbon sources to create samples {or a source
for samples).

[8026] In various embodiments, the combination of ficld ionization time-of-flight mass
spectrometry analysis with 2-dimensional gas chromatography flame ionization detection
analysis allows for construction of a model of composition for a sample from a given
source. The model of composition can be constructed at a desired level of detail. One
option is to construct the model of composition at the compound level, so that cach

cornpound is represented with a corrcsponding weight percent in the model.
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18027) Another option is to construct the model of composition based on compound
classes. Compound classes refer to types of molecules within a sample (or an initial
source.} Examples of compound classes inclade, but are not Hmited to, paratfing, one-ring
naphthenes, two-ring naphthenes, other roulti-ring naphthenes, |-ring aromatics, two-ring
arornatics, other maulti-ring aromatics, and polar compounds. Grouping compounds into
compound classes in the model of composition can facilitate analysis of the propertics of a
given coroposition. Additionally, compound classes can be used as an additional
verification for a model of composition. For example, the total aromatics content of a
hydrocarbon sample is a relatively routine test that can be performed on a sample. By
organizing compounds according to compound class, a total aromatics measurement for a
sample can be compared with the total number of aromatic compounds in the compound
classes. If desired, the relative weight percentages of the compounds in the model of
composition can be normalized to adjust the percentage of total aromaties versus the
percentage of other types of compounds.

(8628} Still another option is to construct the model of composition by organizing
compounds based on Z-number distribution. A Z-number is defined as hydrogen
deficiency in the general chemical formula, C Hpoz NS, G,. The more negative the Z2-
number, the more unsaturated the corresponding molecule. Based on the detailed
compasitional information available from the time-of-flight mass spectrometer, in
combination with the compound class information available from the 2-dimensional gas
chromatographic separation, the compounds within a sample can be organized based on the
corresponding Z-class. This allows compounds to be grouped roughly according to
componnds that form a homologous serics within a sample. Yet another option is fousc a
combination of any conventent classification method, including the methods described
above, for forming the model of composition.

Gas Chromatography with Field lonization Time-of-Flight Mass Spectrometry

(8429 In varicus cmbodiments, two portions of a hydrocarbon sample are analyzed
using complementary techniques. A first portion of the hydrocarbon sample is analyzed

using a combination of gas chromatography (GC) to perform a separation followed by ficld
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tonization time-of-flight mass spectrometry (FE-TOF-MS) to characterize the material
exiting from the gas chromatography process.

186030] (Gas chromatography is generally used to separate hydrocarbon species by
boiling point or polarity depending on type of columon ased. For GC-FI-TOTF mass
spectrometry, a gas chromatography technique for separation based on boiling point is
preferably selected.

18031} In the various types of mass spectrometry, one of the requirements for detecting
a compound is to forro some type of ion. In field tonization, ions are formed by applying a
high clectric potential to a sharp surface. This resulfs in an electric field near the surface
that is suitable for forming ions of compounds, such as hydrocarbon compounds, that are
on or near the surface. Field lonization i3 a method for forming ions that allows for “soft”
tonization of hvdrocarbon molecules. This means that the amount of fragmentation of
hydrocarbon molecules due to the ionization is reduced or minimized. By using a soft
tonization method, the number of peaks in the resulting mass spectrogram is reduced,
which facilitates identification of compounds.

188321 The compounds ionized by the ficld ionization are then detected using a time-
of-flight mass spectrometer {TOF-MS). In various aspects, the time-of-tlight mass
spectrometer apparatus has sufficient resolution {mass resolving power > 5000} to
determing masses of hydrocarbons within 3 mDa or less, which allows for accurate
determination of the elemental composition of specics. This also allows the TOF-MS
apparatus to distinguish between species that differ in mass by only a few mDa. Asa
result, molecules that share the same nominal mass but different in exact masses can be
osoived. For example, the mass of a carbon atom differs from the mass of 12 hydrogen
atoms by 93.9 mDa. This type of difference is readily resolved using the TOF-M3
apparatus. For some harder to resolve molecular groupings, such as the 3.4 mDa
difference between 3 carbon atoms versus a sulfur with 4 hydrogen atoms, the combination
of the GC separation with the TOF-MS is usually sufficicnt to corpletely or partially
resolve the difference. For molecules with identical chemical compositions, such as

normal paraffing versus isoparaffins or olefing versus cycloparaffin, resolution of distinct
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specics is dependent on the retention time in the GC separation. TOF MS also accurately
determines the masses of the hvdrocarbon components {with an error of less than 3 mDa).
18033} Although ficld tonization time-~-of-flight mass spectrometry (F-TOF-MS) is
suitable for determining detailed information about the composition of species within a
sample, the FIL-TOF-MS method is not as cffective for determining relative amounts of
species within a sample. For example, the field jonization technique has widely differing
response factors for different classes of corapounds, such as paraffing versus aromatics. A
response factor is a measure of how readily a compound will ionize so that the compound
can then be detected using the time-of-flight mass spectrometer. Compounds sach as
paraffins tend to be difficult to tonize using soft fonization techniques, resulting in low
response factors in comparison with aromatics and other more casily ionized compounds.
Beeause of the varying response factors, it can be difficult to determine the relative
amounts of compounds within a sample using FI-TOF-MS. This problem can be mitigated
{but not cured) by calibration.

2-Dimensional Gas Chromatography with Flame lonization Detector

[8834] In Z-dimensional gas chromatography, a pair of chromatography colimns arc
used in order to perform a more thorongh separation. For example, a first column can
provide a separation based on botling point while a second column provides separation
based on polarity. Pruring operation, the second column preferably performs a relatively
fast separation as compared with the first column, in order to reduce or minimize any
overlap between specics that were effectively separated in the first column.

18035] As noted above, the first separation stage can correspond to a GC separation
stage based on boiling point. The second separation stage can then correspond to a GC
scparation based on another type of property, such as polarity, By performing a relatively
strong separation in the first GC separation stage, at most only a fow compounds will enter
the second GC separation stage during any given time period. As a result, the separation
strength required in the second stage is lower. Additionally, it is desirable to have the
second GC separation stage operate quickly enough to avoid substantial residence overlap
in the second GC separation stage of compounds that were cffectively separated in the first

separation stage. As an exawmple, consider two compounds with sufficiently distinet
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boiling points that the compounds exit the first GC separation stage at substantially
different times, such as 20 seconds apart. The second GC separation stage preferably has a
residence time that i sufficiently short 5o that the compound that exits the first GC
separation stage at a substantially later time do vot have an opportanity to “catch up” to the
earlicr compound during the second GC separation stage. Of course, such crossover of
compounds may still occor in the second GC separation stage if the compounds exit the
first GC separation stage at sivotlar times. This 18 not a problem, as the benefit of the
second GC separation stage is to provide an additional separation for those cornpounds that
exit the first GC stage at similar times. Instead, the goal of having the second GC
separation stage operate relatively quickly is o reduce or minimize sitvations where
compotnds that are clearly distinet based on the first G separation stage become mixed
or merged together again in the seeond GC separation stage.

(8636} in various embodiments, the second GC separation stage can have a
characteristic restdence time on the order of seconds. For example, the longest residence
time for compounds that are passed into the second GC separation stage from the first GC
separation stage can be about 2{ seconds or less, such as about 15 seconds or less or about
10 seconds or less. So long as the second GO separation stage is effective for providing
additional separation, the minimum residence time for a compound to exit the second GC
separation stage is not critical. For example, minimum residence times for compounds
exiting the second GC separation stage of can be at least (.1 seconds, such as at least .25
seconds or at least 0.5 seconds. Optionally, the minimum residence time for the second
GC separation stage can also be characterized based on compounds with at least a
threshold molecular weight, such as compounds with a molecular weight of at least 60
Daltons, such as at least 80 Daltons or at least 100 Daltons,

18637} For comprehensive two~-dimensional gas chromatography (GC x GO), a suitable
system is an Agilent 6890 gas chromatograph (Agilent Technology, Wilmington, DE)
configured with a split / splitiess inlet, capillary columns, and detector. The capillary
column system contains a first-dimensional column, which is a BPX-5, 30 m, 0.25 mum i.d,,
1.0 pm film, and a second-dimensional column, which is a BPX-58, 2 m, 0.25 mm 1.4,

0.25 pm film. Both colurons are manufactured by SGE Ine. {Austin, TX). There 1s a looped
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jet thermal modulation assembly (Zoex Corp., Lincoln, NE) located in between the first
and the second dimension columns. This modulator assembly contains a liguid nitrogen
cooled “trap-release” jet thermal roodulator with a looped transfer column.

{8438} The detection systern used for the 2D-GC measurements described herein was a
flame tonization detector. Flame ionization 1s useful method for quantitative detection of
the amount of carbon in a sample. In a flame ionization detector, a sample is passed
through a flame formed from combustion of hydrogen and cither oxygen or corapressed
air. This pyrolyees the sample and generates ions based on the compounds {(such as
hydrocarbons) in the sample. The flame jonization is performed between two electrodes
which serve as detectors. The signal generated from flame lonization is proportional to the
magss of the hydrocarbons in the sample, which make the detector suitable for quantitative
characterization.

Correlation of Chromatographic Columns

8039} To provide both a qualitative and a quantitative characterization of a sample,
the results from the GC-FI-TOF-MS are combined with the results from the 2D-GC flame
tonization detector, In some aspects of the invention, the combination of results is further
cnhanced by determining a correiation between the initial GC separation of the
FE-TOF-MS detector and the first stage separation of the 2D-GC.

(6846 One option for combining the results between the GC-FI-TOF-MS system and
the ZD-GC system is to use sufficiently similar operating conditions for both the GC in the
GC-FI-TOF-MS system and for the first GC separation stage in the 2D-GC system.
Preferably, using substantially similar operating conditions can correspond to using the
same type of chromatography column in both separations. By using the same type of
column for both GC separations {along with an optional calibration), the compounds
emerging from the GC in the mass spectrometry system should emerge at similar times and
in similar orders as the compounds emerging from the first GC separation stage in the
20-GC systent.

18041 In this type of option, combining the compositional information from the
FI-TOF-MS system with the quantitative information from the 2D-GC system should be

relatively straightforward. For the compositional information, the GC separation
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performed prior to the field tonization will result in a series of mass spectrographs that
vary hased on the mass of the compound(s) exiting the GC separation at a given time. At
any given tiroe, the mass spectrograph will only show a relatively small number of peaks,
with the average number of peaks at a given tiroe decreasing as the separation efficiency of
the GC column increases. By using a mass spectrometer with sufficient resolving power,
the compositional formulas of these coropounds in the mass spectram can be determined
with a high degree of confidence. As noted above, this assignoent of coropositional
formulas does not distinguish between true isomers, but it can distinguish between
coropounds with different chernical compositions that have only an approximate match in
molecular weight,

(8042} In ermbodiments where the same type {(or a sufficiently similar type) of colommns
are used for the GC separation for the FI-TOF-MS and for the first GC separation stage,
the compounds detected by the mass spectrometer can alse be expected o exit the first GC
separation stage at a similar time and/or in a similar order. Because the FETOFR-MS
detector allows for accurate compositional information, it can be feasible to determing the
order that the compounds detected in the mass spectrometer will exit from the second GC
separation stage of the 2D-GC system. Optionally, all individual compounds in the
FE-TOF-MS spectrum can be aniguely assigned to corresponding compounds exiting the
second separation stage of the 2D-GC system. This would enable complete quantitative
characterization of the compounds in a sample. Alternatively, the quantitative information
from the 2B-GC system may be limited o determining the quantity for a group of
molecules, such as a Z-class or a general grouping such as polars or saturates, or
compound classes such as paraffins, naphthenes with various numbers of rings, aromatics
with various numbers of rings, and polar molecuies. Optionally but preferably, the
quantitative information for a compound class generated by 2D-GC can be further divided
into a plurality of retention windows within the class.

(6043} In other embaodiments, the GC separation stage used for the GC-FI-TOF-MS
analysis can be different from the first GC separation stage for the 2D-GC analysis. So
long as the two GC separation stages can be sufficiently correlated, any convenient types

of GC separation stages can be used for the inttial GC separation of the GC-FI-TOF-MS
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analysis and for the first stage of the 2D-GC analysis. As described above, the compounds
detected in the mass spectrorueter can then be assigned to coropound classes and then
normalized hased on the amount of cach compound class detected based on the 2D-GC
analysis. Optionally but preferably, the quantitative information for a compound class
generated by 2D-GC can be further divided into a plarality of retention windows within the
class,

[8044] Preferably, the GC separation stage {or the FI-TOF-MS analysis can resplt in
the same or a {substantially} similar exit order for compounds ernerging from fivst GC
separation stage. The residence times in the GC for the FETOF-MS analysis do not have
to be the same as the residence times for the first separation stage of the 2D-GC analysis.
However, it is preferable for the order of exit for the compounds o be similar.

8045} Another option for correlation of the 1% dimension of separation of GC-FI-TOF
and 2DGC analysis can be based on alignment of the 1% dimension of separation based on
time windows defined by the elution time for normal paraffins within the 1Y separation
dimenston for the two chromatography methods. During 2D-GC with flame ionization
detection, the peaks in the spectrum corresponding to paraffing can be readily identified.
Due to the relatively low number of potential paraffin structures, the peaks within the
paraffin portion of the 2D-GC spectrum can be specifically correlated with likely paraffin
structure, based on elution time in the first gas chromatography column. The paratfins in
the FI-TOF-MS spectrum can also be readily identified based on molecular weight.
Because the paraffing within both spectra can be identified, the relative clution times of the
paraffins can be compared between the 2D-GC and FI-TOF-MS systems in order to
correlate the gas chromatography columns in the respective systems,

[6846] One option for comparing two different separations is to use a retention
normal-paraffin index to align the two separations, The retention normal-paraffin index is
defined as the retention time of a normal paraffin containing a given number of carbons for
a particular separation. For example, retention normal-paraffin index & is the retention
time of n-octane {which contains 8 carbons} in a given scparation. Stmilarly, retention
normal-paraftin index 9 corresponds to the retention time of n-nonane. The absolute value

of the retention time for a given n-paraffin can vary between different separation colamns
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and/or operating conditions. However, for separation columns that produce the same or a
similar order of exit for corapounds in a sample, characterizing the retention tioe based on
retention normal-paraffin index vahues aliows for a comparison between different
separation columns {or similar columuos operated under different conditions).

[8047) Based on the measurable values for the various n-paraffins, other types of
characterizations can be developed for a separation. For example, a retention normal-
paraffin index of 8.5 can be identified as the average of the retention normal-paraffin index
valoes at indexes 8 and 9. Additionally, the retention normal-paraffin index values can he
nsed to define retention windows for the compounds ehuting in a separation colomn, For
example, the elution time between retention normal-paraffin indexes 8 and S in a
separation can be defined as a time window, so that compounds within the time window
can be characterized together. For a technique such as 2DGC, wdentifying such a time
window can allow for gquantitative characterization of the amount of various compound
classes that elote within a time window. This quantitative characterization can then be
used to normalize the signal values from a technique such as GC-FETUOF based on the
compound class corresponding to the molecular formulas assigned to the varions peaks.
160481 In a comparison of the 1” dimension of separation for GC-FI-TOF and 2DGC,
an initial step can correspond to aligning the clution sequences for the two columns. The
separation data for the 1% dimension of separation for each column can then be divided into
time slices (or windows) based on the retention normal-paratfin index for cach colamn,
For example, the GC-FI-TOF data can be averaged across the time interval between
retention normal-paraffin index 11 and 12. A molecular composition can then be gencrated
for the time interval. The 2DGC data can then be similarly averaged across the time same
retention window interval to generate compound classes. Basced on the retention window
for the 2DGC data, the molecular composition from the GC-FI-TOF data can be
normalized based on the quantitative information regarding compound classes in the same
retention window from the 2DGC. The process is repeated for the entire [¥ dimension
clution. The total composition can then be derived by combining data from all of the

retention windows.
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Normalization of FI-TOF-MS Data Based on 2B-GC Data

{8049} FIG. 3 shows an example of the output generated by performing 2D-GC with
flame tonization detection on a diesel sample. In FIG. 3, the horizontal axis represents the
retention time for the first gas chromatography column of the 2D-GC apparatus, while the
vertical axis corresponds to the second gas chromatography colomn. As shown in FIG. 3,
the compoands detected by flame tonization detection can be grouped into a plurality of
categories or classes, based on exit tivae from the second dimension of the 2D-GC. The
fastest compounds to emerge from the 2D~-GC are paraffins 310, followed by L-ring
naphthenes 320, 2-ring naphthenes 330, I-ring aromatics 340, 2-ring aromatics 350, and 3-
ring aromatics 360, Of course, additional classes of compounds could be present in g
higher boiling range sample, such as a sample based on a whole crude instead of a sample
based on just a diesel fraction.

18058} Based on the assignment of peaks in the 2D-GC into classes, the peaks within
cach class can be added together to generate an overall amount of each class present in the
sample. For a sample with an end boiling point below [0S0°F (566°C), it will typically be
gxpected that all of the sample will be able to emerge from the gas chromatography
columns, so that the detected amounts for each compound class will correspond to the
entire sample. Based on this, the detected amounts for each compound class relative to the
total sample can be determined.

j0051] After gencerating a normalization value for cach sample, the normalization
values can be applied to the detected intensities for compounds from the GC-FI-TOF-MS,
Based on the assignment of molecular formulas, the compounds detected by FITOF-MS
can be assigned to compound classes that match the general classes identified in the 2D-
GC. Within a given class of compounds, such as 1-ring aromatics, it is expected that the
response curve for different compounds will be relatively uniform. Based on the 2D-GC
data, the relative amount of each class within a sample is known, Using the 2D-GC data to
provide the total amount of compounds within a class, the relative peak heights of the
compounds within the class, as detected by FI-TOF-MS, can be normalized so that the sum
of the normalized FI-TOF-MS peaks corresponds to the amount of the overall compound

class that is present within the sarople. By using this type of normalization, an amount for
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cach type of compound can be identified without having to sirictly correlate the peaks in
the 2D3-GC with the individual composition peaks in the FI-TOF-MS. The normalized
arpounts for the compounds within the sample can then be used, for example, as a basis for
predicting other properties of the sample,

18652} In some optional but preferred aspects of the invention, normalizing based on
compound class can be sagmented by normalizing based oo both compound class and a
retention time window or slice for the first gas chromatography stage in the 2D-GC. In
this optional aspect, the compounds detected by the 2D-GC with flame onization detection
are still grouped according to compound class as described above, Additionally, within
cach compound class, retention window groups are formed based on the amount of time
required for a compound to elute in a gas chromatography stage.

(LHIERY The retention window groups within the compound classes can be drawn in any
conventent manner. One option is fo define common retention window groups that arg
used across muitiple compound classes, such as common retention window groups that are
used for ali compound classes. Time windows based on retention normal-paraffin index
values are an example of time windows that can be suitable for dividing a chromatograph
into manageable pieces for analysis. Another option is to define different retention
window groups for cach compound class, The size of a retention window group can be
selected based on any convenient criteria. One option is to define a retention window
based on an amount of clution time in a gas chromatography column. Another option is to
define retention windows so that the amount of time can vary, but a specified number of
compounds reside within each retention window. The retention windows can be defined
based on the first stage of the 2D-GC or based on the GC stage of the FILTOF-MS
detector.

(6654 After defining a retention window, the peaks within a retention window for a
compound class n the 20-GC can be used to normalize the measured peaks for the
corresponding compounds within the retention window from the FI-TOF-MS. For
example, the peak values within a compound class in a retention window can be combined,
so that normalization is performed using the aggregated value for a compound class.

Because the normalization is performed based on both compound class and retention time,
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at least some correlation of the first stage of the 2D-GC with the gas chromatograph of the
FI-TOF-MS detector is required. As described above, the retention times for the stages do
not have to be the same, so long as the order of exit of the stages can be sufficiently
correlated. The stages from the 2D-GC and the FI-TOF-MS can be correlated based on
using the same type of gas chromatography stage; based on correlation of retention times
for specifically identified paraffin compounds between the stages; or by any other
convenient method.

[8055] It is noted that because the retention times in the 2D-GC and the FI-TOF-MS
are not necessarily the same, the retention windows will typically be defined based on one
of the detection methods, such as the retention time for the first stage of the 2D-GC. For
example, after determining the size of the retention window based on the first stage of the
203-GC, the number of compounds within a compound class that are also within a given
retention window can be caleulated. A corresponding retention window for the FI-TOF-
MS can then be determined, for example, by drawing a retention window to capture the
same number of compounds as the number calculated for the corresponding 2D-GC
retention window. Because both detection methods exhibit little or no baseline rise, the
number of distinct compounds should be clear in both methods, thus allowing the retention
window correlation to be made even though the clution times for the gas chromatography
stages may not be identical, Optionally but preferably, another alternative for identifying a
corresponding retention window is to draw retention windows based on the same retention
normal-paraffin index values for both separations.

18856] It is noted that about 1350°F is the upper limit for boiling point for the types of
compounds that can be characterized using the FI-TOF-MS detection method. This is due
int part to a limited ability / inability to canse such heavier compounds to pass through a gas
chromatography column. For a sample containing such [050°F+ compounds, the lower
boiling portion of the sample can still be guantitatively characterized by using a reference
sample. A refercnce sample can correspond to any convenient sample where the entire
sample can be detected using the 2D-GC technique. For such a sample, the detected peak
heights in the 2D-GC spectra can be integrated to determine an overall signal intensity for

a given volume of sample. The expected overall signal intensity for a given volume of
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sample can then be compared with the measured signal intensity for a new or unknown
sample that may contain 1050°F+ material. The difference in measured signal intensity for
a given volume between the reference sample and the new sample corresponds to the
amount of material in the new sample that does not pass through the gas chromatography
column(s).

{8057} After determining the amount of material in a sample that cannot be
characterized, the portion of the sample that can be measuored is characterized as described
above, with the understanding that the normalized FI-TOF-MS peaks represent less than all
of the sample. I it is desired to develop a model of cormposition for the reraining portion
of the sample, that can be performed in any convenient way, with the armount of material
not detecied being used to normalize the amounis for any compounds assigned to the
remaining portion of the sampie.

Example: Comparison of Supereritical Fluid Chromatography with Flame Jonization

Detection (1B-GC and 2D-GC)

(8058} in various embodiments, an improved method for characterizing a petroleum
sample {or other hydrocarbon sample) is provided by using a combination of a ficld
tonization time-of-tflight mass spectrometer (FI-TOF-MS) and a two dimensional gas
chromatograph (2D-GC) with a flame ionization detector to analyze a sample. The two
techniques are combined by correlating the gas chromatograph used as the input for the Fi-
TOF-MS with the first separation stage of the 2D-GC. Part of the benefit achieved by this
method is the benefit derived from using flame ionization as the detection method for the
output from the 2D-GC separation. This correlation allows the compositional information
determined in the FI-TOF-MS analysis to be maiched with quantitative information from
the flame ionization.

(6655 The benefit of using flame ionization as a detection method can be seen in
comparison with using supereritical fluid chromatography to provide guantitative
information. Like gas chromatography, supercritical fluid chromatography is a separation
technique. SFC is a normal phasc chromatographic technique that utilizes high pressure
tiguid carbon dioxide as the mobile phase. Supereritical fluid chromatography cannot be

psed with a mass spectrometer, and also cannot be readily compared with the gas
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chromatographs used to provide an initial separation for mass spectrometry. However,
supercritical fluid chromatography does provide some of the quantitative information that
is available via 2D-GC with flame ionization detection.

{8060 FIG. 1 shows a typical supereritical fluid chromatogram or trace. Noun-polar
cornponents elute first, followed by components of increasing polarity. Prior studies have
defined the saturate splits while the aromatic splits are defined by a UV detector
monitoring four wavelengths that are believed to be representative of one to four ring
aromatics. Quantitative information can be derived from the supercritical fluid
chroroatogram by assigning the arca under the trace to various coraponents. This allows
for a relative determination of the amounts of ¢lasses of compounds within a sample, such
as paraffing, one-ring naphthengs, or two-ring aromatics. This can be used in combination
with a techniqoe such as FI-TOF-MS by assuming that the response of compounds within
a class will be roughly constant in FI-TOF-MS. The FETOF-MS data would then be used
to assign quantitative information within a class, while the supercritical fluid
chromatography data would allow for normalization of quantitics between classes.

8061} in supercritical fluid chromatography, errors become significant as the valieys
between the paraffing and one-ring naphthenes, and the one-ring naphthenes and two-ring
naphthenes rise. Because the supercritical fluid chromatogram does not allow for
distinctions between individual compounds, the arca under the trace in a supercritical fluid
chromatogram is assigned to classes by splitting the arca under the trace with a vertical iine
between two regions. In addition to difficulties in selecting where to draw such a vertical
fine, this ignores the likely Gaussian nature of peaks for adjacent classes. Integration errors
for the area under the trace can also occur in the aromatics region of the trace. The ring
class separation is based on UV response at different wavelengths, but there is usunally
significant overlap between aromatic classes as well, especially at higher retention times
(i.c. higher ring classes).

(8062} Using 2D-GC with flame ionization detection provides superior quantitative
information relative to superceritical fluid chromatography methods for at lcast two reasons.
First, by using 2D-GC with flame ionization detection, less reliance is placed on the

guanttiative information from the FI-TOF-MS. For the supercritical flaid chromatography
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method deseribed above, an assumption is made that FI-TOF-MS response curves arc
uniform across compound classes. By contrast, when the FI-TOF-MS is patred with 2D-
GC with flaroe jonization detection, the only assumption reguired is that response curves
within a compound class are similar, which is believed to be more reliable assumption.
This reduces or mintmizes the quantifative exvors that result from the assumption of
uniform response curves for compounds within classes. Second, the 2D-GC with flame
fonization detection method provides morve detailed quantitative information, allowing for
improved accuracy in determining the amounts for cach class of compounds.

[8063] FIG. 2 shows an example of an analysis of a typical dicsel boiling range sample
using 1D-GC with flame tonization detection as the analysis method. In contrast to the
supercritical fluid chromatogram, the fame ionization spectrum in FIG. 2 shows distinet
peaks for the various compounds in the sarple. This allows for integration of the area
under the trace for individual compounds, which can then be summed (if desired} to derive
the amounts for compound classes. Thus, flame {onization detection allows for more
detailed guantitative analysis than supercritical flid chromatography.

8064} One potential shortcoming of the spectrum shown in FIG. 2 is the presence of
bascline risg, which is due in part to the overlapping exit times of compounds from the 1D-
GC scparation. This potential shortcoming can be mitigated by using a 2D-GC separation
as the input for the flame ionization detection. FIG. 3 shows an example of the separation
that can be achicved for another typical diesel boiling range sample. In FIG. 3, retention
times are shown for both first separation stage and the second separation stage of the of the
2D-GC technique. At a given combination of retention times for the first separation stage
and the second separation stage, an intensity is available which corresponds to the amount
of hydrocarbon detected at that time. Based on the nature of the second separation stage,
FIG. 3 also shows a rough assignment of the data into compositional classes, such as
paraffins, one-ring naphthenes, or two-ring aromatics. Because the sccond separation stage
provides further scparation of compounds that emerge from the first separation stage at
similar times, the 2D-GC separation reduces the amount of baseline elevation. This allows

for better assignment of guantitative information to the proper compound in a sample.
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[6865] FIGS. 1 to 3 demounstrate the improvement that can be achieved using 2D-GC
with flame ionization detection for quantitative analysis of the compounds within a
petroleum {or other hydrocarbon) sample. Further evidence of this improvement is
provided in Table | below. Table § shows a comparison of the guantitative information
derived using supercritical fluid chromatography versus 2D-GC with flame onization
detection as a complementary techuique for FIL-TOF-MS. A typical diesel boiling range
sample was used for the comparison in Table 1.

[8066] Table | shows the assignment of chemical class “lumps” for the diesel sample
using both supercritical fiuid chromatography {SFC} and 2D3-GC with flame ionization

detection.

TABLE { — Comparison of 2D-GC and SFC

Fraction Mormalized 2D-GC Normalized SFC
Paraffins 26.74 26.60

One-Ring Naphthencs 15.63 12.34
Two+-Ring Naphthenes 7.84 14.52

One-Ring Aromatics 24.78 22.35

Two-Ring Aromatics 20.29 14.08
Three+-Ring Aromatics 4.72 10,10

Total 160 106

18067} As shown 1n Table 1, the total valoes for saturates (paraffins phus naphthenes)
and aromatics are similar for 2D-GC and SFC. However, when further broken dowan into
compound classes, SFC shows significant differences in the 2+ ring naphthenes as well as
the higher ring aromatics. Due in part to the superior baseline resolution available in
20-GC with flame ionization detection, it is believed that the 2D-GC values are more
reliable,

[8068] Table 2 shows the benefit of using 2D-GC instead of 1D-GC as the separation
method for the flame ionization detector for the same type of diesel sample shown in Table

1. In Table 2, the relative amounts of various n-paraffins in the diesel sample are shown.
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In Table 2, “nP-Cx” refers to a normal paraffin containing “x” number of carbons, For

most paraffing, the [D-GC and 2D-GC methods provide similar amounts. However, in the

1D~GC analysis, a somewhat large error is present for the amoant of the C17 vormal

paraffin. This is due to an overlap of an aromatic compound with the C17 paraffin in the

1D-GC flame jonization detection trace. By contrast, in the 2D-GC trace, the second

separation stage causes the aromatic compound to arrive at the flame onization detector at

a later (distinet) time, so that the C17 paraffin peak is not convolated with the aromatic

peak.

Table 2 — Comparison of 1D-GC and 2D-GC with FID

Carbon | Mormalized
Mumber 2DGC GC-FID
uP-Co .18 0.27
nP-C10 0.67 {1.83
nP-Ci1 0.96 §.06
nP-C12 .96 1.25
nP-C13 1.23 1.24
nP-Cl14 1.91 1.84
nP-C18 2.05 1.95
nP-C16 1.91 1.64
nP-C17 2.12 1.39
nP-C18 i.19 0.92
nP-C19 0.65 (.57
nP-C20 0.4 0.36
nP-C21 0.27 (.26
uP-(22 8.17 815
nP-C23 0.1 0.10
nP-C24 0.05 0.05
uP-C25 06.02 0.03
nP-26 .01 0.01
Total 14.87 13.92
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Assignment of Compounds to Z-Classes

{8069} In some aspects of the invention, the output from the 2D-GC with flame
fonization detection is used to quantitatively determine the amount of each compound class
present within a petroleura {or other hydrocarbon) sample. The output from the
FI-TOF-MS analysis can then be used to assign detected compounds to a corresponding
compound class. Oue option for assignment of compounds to compound classes is to
assign based on a Z-class, where the Z-class defines the number of ring stroctures and/or
degrees of unsaturation present o a compound. FIG. 4 shows the Z-class for various
representative compounds containing only carbon and hydrogen. FIGS. § and 6,
respectively, show the Z-class for various representative compounds that also inclhude
cither one sulfur atom or two sulfur atoms.,

Additional Ernbodiments

(8076} Embodiment 1. A method for characterizing petroleum or other hydrocarbon
compositions, comprising: separating a first plurality of compounds in a first hydrocarbon
sample using a first gas chromatography separation; determining a composition and a first
weight for cach of the separated first plurality of compounds using mass spectrometry, the
tons for mass spectrometry being formed by a soft ionization method; separating a second
pharality of compounds in a second hydrocarbon sample using a second gas
chromatography separation, the sccond gas chromatography separation including at least a
first separation stage and a second separation stage, the second hydrocarbon sample being
derived from the same hydrocarbon source as the first hydrocarbon sample; determining a
sccond weight for cach of the separated second plurality of compounds; assigning the
separated second pharality of compounds to a phurality of compound classes; detormining a
relative weight for cach of the plurality of compound classes based on the second weights
of the assigned compounds for cach compound class; normalizing the first weight for cach
of at least a portion of the first separated plurality of compounds, based on the determined
relative weights for the plurality of compound classes, to generate a normalized weight for
cach compound, the normalizing of a first weight for a compound being based on at least a

compound class corresponding to a determined composition for the compound; and
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developing a modcl of composition for the hydrocarbon source based on at least the
normalized weights for the first separated plurality of compounds.

18071} Embodiment 2. The method of Embodiment 1, further comprising identifying
and quantifying a composition for one or more paraffin compounds iu the separated second
plurality of compounds.

{8072} Embodiment 3. A method for characterizing petroleum or other hydrocarbon
cornpositions, comprising: separating a first plurality of compounds in a first hydrocarbon
sample using a first gas chromatography separation, cach compound in the first plurality of
cormnpounds being within a retention normal-paraffin index window; determining
compaositions for the separated first plurality of compounds using mass specirometry, the
fons for mass spectrometry being formed by a soft ionization method; separating a second
phurality of compounds in a second hydrocarbon sample using a second gas
chromatography separation, the second gas chromatography separation including at feast a
first separation stage and a second separation stage, the second hydrocarbon sample being
derived from the same hvdrocarbon source as the first hydrocarbon sample, cach
compound in the second plurality of compounds corresponding to a compound in the first
plurality of compounds, where cach compound in the second plurality of compounds is
within the same refontion normal-paraffin index window as the corresponding compound
in the first plurality of compounds; determining relative weights for the separated second
pharality of compounds; correlating the first plurality of compounds with the second
phuratity of compounds; and developing a model of composition for the hydrocarbon
source based on the correlation of the first plurality of compounds with the second
phuratity of compounds, and based on combining the determined compositions for the first
phurality of compounds to provide a total composition,

(84731 Embodiment 4. The method of Embodiment 3, wherein the normalizing of a
first weight for a compound is further based on a retention window corresponding to the
determined compound.

16074] Embodiment 5. The method of Embodiment 3 or 4, wherein correlating the
first plurality of compounds with the sceond plurality of compounds comprises correlating

the order of exit of the separated first plurality of compouonds from the first gas
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chromatography separation with the order of exit of the scparated second plurality of
compouands from the second gas chromatography separation.

[6075] Embodiment 6. The method of any of Ermnbodiments 3, 4, or 5, wherein
correlating the first plurality of compounds with the second plurality of compounds
corprises correlating the order of exit of the separated first plurality of compounds from
the first gas chromatography separation with the order of exit of the separated second
plurality of compounds from the first separation stage of the second gas chroruatography
separation.

[6076] Embodiment 7. The method of any of the above embodiments, wherein the
second weight for cach of the separated second plurality of compounds is determined by
flame tonization detection.

186771 Embodiment 8. The method of any of the above embodiments, wherein the
separated second plurality of compounds are assigned to compound classes based at feast
in part on a number of naphthene rings in a compound, a number of aromatic rings in a
compound, or a combination thereof.

j3078] Embodiment 9. The method of any of the above embodiments, wherein the
second hydrocarbon sample comprises one or more additional compounds different from
the second plurality of compounds, the method further comprising: caleunlating a combined
weight for the separated second plurality of compounds based on the determined second
weights; and calculating a weight percentage for the second plurality of compounds in the
second hydrocarbon sample based on the combined weight for the separated second
plurality of compounds, a weight of the second hydrocarbon sample, a weight of a
reference sample, and a reference weight of a third plurality of compounds separated from
the reference sample using the second gas chromatography separation,

{8679 Embodiment 10. The method of any of the above embodiments, wherein the
model of composition is further based on onc or more additional measured properties of a
sample derived from the hydrocarbon source.

166801 Embodiment 11, The method of any of the above embodiments, wherein
developing the model of composition comprises assigning the plarality of compounds in

the first hydrocarbon sample to a plurality of Z-classes.
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16681 Embodiment 12, The method of any of the above embodiments, wherein the
final boiling point of the first hydrocarboun sample is about 1030°F (566°C) or less.
(8082} Embodiment 13, The method of any of the above embodiments, further
comprising: obtaining an initial sample from the hydrocarbon souree; and splitting the
initial sarople nto at least the fivst hydrocarbon sample and the second hydrocarbon

sample.
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CLAIMS:

I, A method for characterizing petrolenm or other hydrocarbon compositions,

comprising;:

separating a fivst phurality of compounds in a first hydrocarbon sample using a
first gas chromatography separation;

determining a corposition and a first weight for cach of the separated fivst
plurality of compounds using mass spectrometry, the jons for mass spectrometry being
formed by a soft ionization method,;

separating a second plurality of compounds in a second hydrocarbon sample
using a second gas chromatography separation, the second gas chromatography separation
including at least a first separation stage and a second separation stage, the second
hydrocarbon sample being derived from the same hydrocarbon source as the first
hydrocarbon sample;

determining a second weight for cach of the separated second plarality of
compounds;

assigning the separated second plurality of compounds to a plurality of
compound classes:

determining a relative weight for cach of the separated second pharality of
compound classes based on the second weights of the assigned compounds for cach
compound class;

normalizing the first weight for cach of at [east a portion of the separated first
phuratity of compounds, based on the determined relative weights for the plurality of
corapound classes, to generate a normalized weight for each corapound, the normalizing of
a first weight for a compound being based on at least a compound class corresponding to a
determined composition for the compound; and

developing a model of composition for the hydrocarbon source based on at
lcast the normalized weights for the separated first plurality of compounds.

2. The method of claim 1, further coraprising:

obtaining an inttial sample from the hydrocarbon soarce; and
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splitting the initial sample into at least the first hydrocarbon samaple and the
second hydrocarbon sample.

3. The method of claim 1, wherein the second weight for each of the separated
second phurality of compounds is determined by flame tonization detection.

4. The method of claim 1, wherein the separated second plarality of compounds
are assigned to compound classes based at least in part on a mumber of naphthene rings in a
cornpound, a number of aromatic rings in a compound, or a combination thereof,

5. The method of claim 1, further comoprising identifying and quantifying a
coraposition for one or more paraffin corapounds in the separated second plarality of
compounds.

6. The method of claim 1, wherein the second hydrocarbon sample comprises
one or more additional compounds different from the second phurality of compounds, the
method further comprising:

caleulating a combined weight for the separated second phurality of
compounds based on the determined second weights; and

calculating a weight percentage for the second plurality of compounds in the
second hydrocarbon sample based on the combined weight for the separated second
pharality of compounds, a weight of the second hydrocarbon sample, a weight of a
reference sample, and a reference weight of a third plurality of compounds separated from
the reference sample using the second gas chromatography separation.

7. The method of claim 1, wherein the model of composition is further based on
one or more additional measured properties of a sample derived from the hydrocarbon
souree.

§. The method of claim 1, wherein developing the model of composition
comprises assigning the plurality of compounds in the first hydrocarbon sample to &
phurality of Z-classes.

9. The method of claim 1, wherein the final boiling point of the first
hydrocarbon sample is about 1050°F (566°C) or less.

16, A method for characterizing petroleum or other hydrocarbon compositions,

cormprising:
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separating a first phurality of compounds in a first hydrocarbon sample using a
first gas chromatography separation, cach compound in the fivst plurality of compounds
being within a retention normal-paraffin index window;

determining compositions for the separated first plurality of compounds using
mass spectrometry, the wons for mass spectrometry being formed by a soft ionization
method;

separating a secound plurality of compounds in a second hydrocarbon sample
using a second gas chromatography separation, the second gas chromatography separation
inclading at least a first separation stage and a second separation stage, the second
hydrocarbon sample being derived from the same hydrocarbon source as the first
hydrocarbon sample, each compound in the second plurality of compounds corresponding
to a compound in the first plurality of compounds, where each compound in the second
plurality of compounds s within the same retention normal-paraffin index window as the
corresponding compound in the first phurality of compounds;

determining relative weights for the separated second plarality of compounds;

correlating the first plurality of compounds with the second plurality of
compounds; and

developing a model of composition for the hydrocarbon source based on the
correlation of the first plurality of compounds with the second phurality of compounds, and
bascd on combining the determined compositions for the first plurality of compounds to
provide a total composition.

11, The method of claim 18, wherein the normalizing of a first weight for a
compound is further based on a retention window corresponding to the determined
compound.

12, The method of claim 10, further comprising:

obtatning an inttial sample from the hydrocarbon source; and

splitting the initial sample into at least the first hydrocarbon sample and the
second hydrocarbon sample.

13, The method of claim 10, wherein corrclating the first plurality of compounds

with the second plurality of compounds comprises correlating the order of exit of the
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scparated first plurality of compounds from the first gas chromatography separation with
the order of exit of the separated second plarality of coropounds from the second gas
chromatography separation.

14, The method of claim 10, wherein correlating the fivst plurality of compounds
with the second plurality of compounds cormaprises correlating the order of exit of the
separated {irst plurality of compounds from the first gas chromatography separation with
the order of exit of the separated second phurality of compounds from the first separation
stage of the second gas chromatography separation.

15, The method of claim 10, wherein developing the model of composition
further comprises normalizing at least a portion of the model of composition based on one
or more additional measured properties of a sample derived from the hydrocarbon source.

16.  The method of claim 10, wherein developing the model of composition
comprises assigning the plurality of compounds in the first hydrocarbon sample to a
plurality of compound classes.

17. The method of claim 10, wherein developing the model of composition
comprises assigning the plurality of compounds in the first hydrocarbon sample to a
plurality of Z-classes.

18,  The method of claim 10, wherein the final boiling point of the first

hydrocarbon sample is about 1050°F (566°C) or less.



