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INTEGRATED HYDROCARBON ANALYSIS

FIBLD OF THE INVENTION

EHETHY This invention provides methods for characterizing the composition of
petroleum or hyvdrocarbou fractions, such as distiliste fractions or other fractions that can
pass through a gas chromatography column,

BACKGROUND OF THE DIVENTION

{8482} Petroloum samples are complicated hydrocarbon mixtures contaiming paraffing,

cychic paraffing, multiving aromatics, and vartous heteroatomie hydrocarbons {most
commonly O, 5, and N). Virgin petrolewm crude otls contain molecules of a wide botling
point range from highly volatile Oy hydrocasbons to nonvolatile asphaltenes. Analysis of
petroleum composition of various boilling ranges is valuable for improving the operation of
many subscquent processes,

[8003] DPetermining 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.
{8004} LS. Patent 7,598,487 describes methods for characterizing the composition of
a petroicum 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
field iontzation time-of-flight mass spectrometer to determine the identity of species within
a sampic. This chromatographic characterization is used in combination with another
technique that can provide refative amounts of general classes of compounds within the
sample. Supereritical fluid chromatography is deseribed as an example of & technique for
determining relative amounis of the compound classes in g sample.

SUMMARY OF THE INVENTION

{6008] In an embodiment, a method for characterizing petrolenm or other hyvdrocarbon
compasitions is provided. The method includes separating a first plurality of compounds
in a first hvdrocarbon sample using a first gas chromatography scparation; detecrmining a
compaosition and a first weight for cach of the separated first plurality of compounds using

mass spectrometry, the tons for mass spectrometry being formoed by a soft ionization
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method; separating a second plurality of compounds in a sceond 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 each of the separated second
plurality of compounds; assigning the separated second plurality of compounds to a
phurality of compound classes; determining a relative weight for each of the plurality of

compoeund classes based oo the second weights of the assigoed compounds for gach

coropound class; normalizing the first weight for cach of at least 4 portion of the first
separated plurality of compounds, bused on the determined relative weights for the
phurality of compound classes, to generate a normalized weight for each 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 phuality of compounds.

{8006] In another embodiment, a method for characterizing petroleum or other
hydrocarbon compositions is provided. The method inclndes 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 lons for mass spectrometry being formed by a
soft ionization method; separating a second plurality of compounds in a seeond

hydrocarbon sample using 3 sccond gas chromatography scparation, the sceond gas

chromatography scparation inclading at least a first separation stage and a sccond
separation stage, the second hvdrecarbon 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 samc retention normal-
paraffin index window as the corresponding compound in the first plurality of compounds;

determuning relative weights for the separated sceond 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
phuratity of compounds with the second phurality of compounds, and based ov combining
the determained compositions for the fivst plurality of compounds to provide a total
coruposition,

[8007] Optionally, the methods can further include normalizing of a first weight fora
cornpound based on a retention window correspouding to the deterouned coropound.
Optionally, the methods can further comprise wentifying a composition for one or more
paraffin compounds in the separated second plurality of compounds.

BRIEF DESCRIPTION OF THE FIGURES

[8068] FIG. 1 shows a sapereniical fluid chromatogram of a digsel boiling range
sample.
{8009} FIG. 2 shows a 1D-gas chiromatogram bascd on tlame ionization detection of a

diesel boiling range sample.

{8016} FIG. 3 shows a 2D-gas chromatogram based on flame ionization detection of 3
diesel boiling range sample.

{6611 FIGS. 4 — 6 show examples of assignments of compounds to Z-classes,

DETAILED DESCRIPTION OF THE EMBODIMENTS

{8012] in various aspects of the invention, petroleum or other hyvdrocarbon samples

can be analyzed in parallel by 1}y GC-field ionization Time of Flight Mass Spectrometer
{(GC-FI-TOF MS)Y and 2) two dimensional gas chromatography (2D-GC) cquipped with a
flame tonization deteetor (FID). The petroleum / hvdrocarbon samples can be, for
cxample, one or more samples from a whole crude, a total lignid product from a rescarch
or refinery process, or a fraction or intermediate stream from rescarch or refinery process,
{f a sample has an upper boiling point less than 1030°F (566°C), a composition for the
catire sample can be determined. I the samples contain 1050°F+ material, the 1050°F+
material may not be suitable for ¢lution through a gas chromatography column. In this

type of situation, the coraposition can be normalized based on the yield of the 1050°F-
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material. The vield of the 1050°F- material can be determined by 2D-GC-FID using a
reference petroleum sample that s known o completely elute from the 2D-GC system
[8613] In various aspects of the invention, molecular atiributes and their quantitics are
determined by GC-FETOF MS. The total quantitics of compound classes are also
determined by 2D-GC. The sure of molecular attributes within a compound class are then
normalized based on the quantity for the corresponding class determined by 20-GC.
Mormal paraffin carbon number distributions can also be directly determtned by 2D-GC
{014} GC-FI-TOF MS identifies molecules in the petroleum {or hydrocarbon}
samples. I this technique, GC separates petroleurm molecules by their botling points and
polarities. For the GC methods deseribed herein, the eluted molecules were lonized near a
field iomzation emitter. In this type of lonization, an electron is removed from the
petroleum molecule via a “quantam tunneling effect” to form molecular ions. The mass o
charge vatios {nmvz} of the moleenlar jous were then accurately measured. Since ficld
ionization of petrolewn molecnles produces primarily singly charged ions, the molecular
mass and vz can be used inferchangeably. Empirvical molecular formulas
(CoHpzSNLO,) were assigned to the molecufar mass detected by the technigque. Bascd
ont Z-rrumbers as defined in an assigned molecular formula, petroleum molecules can be
grouped into paraffing, naphthenes, [-ring aromatics, 2-ring aromatics, 3-ring aromatics, 4-
ring aromatics and S-ring+ aromatics. {Sce Tables 2, 3 and 4 below for refationships
between Z-numbers and compound classes.) Sulfur and di-subfir molecules were grouped
into corresponding hvdrocarbon compound classes for normalization purpose. For
example, benzothiophenes were included in total disromarics. Also, aliphatic sulfides were
grouped into saturated hydrocarbons classes, although these molecules do not strictly

belong to those chomical classes.

{8015} 2D-GC separates petroleum maolecules into various compound classes and
guantifics the total of compound classes by FID. In the 2D-GC methods described hercin,

the first dimension separaied petroleum molecules by botling point {primarily influcnced
by carbon muraber and heteroatom content). The sceond dimension of GC separated
petroleum raolecules by polarity (prirmarily influenced by aromaticity and heteratom

function groups), The 2D-GC compound classes included paraffing, |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 distribations, By analyzing a reference {a material that
can completely elute from a 2D-GC sysiem, such as diesel), a recovery or vield can he
determined for the analyte samples,

{5015] Characterization of the compounds within a hydrocarbon fraction, such as a
petroteurn fragtion, is an ongeing problem. A varicty of mass spectrometry techniques are
available that allow for qualitative determination of different types of compounds within a
hydrocarbon sample. Depending on the nature of the detector, mass spectrometers can
distinguish the molecudar weights of compounds on the order of mDha. Since the weight of
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 distinet atomic compositions,

18617} Unfortunately, the detectors used in mass spectrometry require generation of
ions for detection of species. For hydrocarbous, formation of ions from a sample is a
chalienging problem. “Soft lonization”™ methods exist that allow for at least some detection
of most types of hvdrocarbons without substantial fragmentation. However, these soft
ionization metheds can differ widely for how effectively a given type of hydrocarbon is
ionized {i.c., response Tactor for a given hvdrocarbon) both across different ionization
methods and within a single ionization method. As a resul, 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 contains
distinet classes of compounds, due to differences in tonization efficiency (response factor)
between compounds from different classes such as paraffing and aromaties.

{6018 The methods deseribed in UK, Patent 7,598,487 provide ong option for
addressing the above difficulties in characterizing a hydrocarbon fraction. In U.S. Patent
7,598 487, ficld-ionization time-of-flight mass specirometry is uscd to identify the various

cormpounds prescot within a hydrocarbon sample. In order to determine the quantitios of
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each compound, a technique such as supcreritical fluid chromatography is used to generate
a profite of the various types of compound classes within the sample. Various portions of
the supereritical flaid chromatography output are assigned to specific types of wolecules,
such as paratting, naphthenes that include various numbers of rings, and aromatics that
include various numbers of aromatic rings. These general assignments are used to provide
relative weightings for the amounts of cach molecular type or compound class withina
sample. The relaftve amounis of compounds within a giveo coropound class are then
assigned hased on calibrations from the mass spectrometry measurements. All of this
iformation is then it to other bulk properties of the sample in order to arrive at a model of
coOmposition.

{8019] While the above technigue provides a model of compeosition, a number of
uncertainties remain in the quantitative values generated by the model. For exampie, &
supercritical fluid chromatogram docs not provide a clean distinction betwecn some types
of compound classes, such as multi-ring naphthenes versus 1-ring aromatics. As a result,
assignment of the relative amounts of these two compound classes in a supercritical fluid
chromatography spectrum is likely to result in some error relative to the actal
compuosition. Additionally, assigning relative amounts within a compound class based on
mass spectrometry is dependent on assuming that response factor for compounds within a
given compound class is cither constant or that it varies in a predictable manner. Some
mnprovement in determination of relative amounts within a compound class can be
achicved by continuing to parform calibrations of the ficld-ionization time-of-flight mass
spectrometer using known samples, in order to ¢biain a table of representative response
factors.

{6020} In various cmbodiments, quantitative charactorization of a saraple can be
miproved and/or simplificd by using a combination of ficld-ionization time-of-flight mass
spectroraetry and 2-dimensional gas chromatography with flame ionization detection. As
described above, the mass spectrometry is used to identify the various compounds within a

sample. The 2-dimensicnal gas chromatography with flame ionization detection is then

used to determine the amounts of cach wentified compound within a sample.
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i6021) Using flame ionization as the detector for a separation s beneficial for
wentifyving the amount of u compound that is present in a sample, but it does not directly
provide any compositional information. However, 2-dimensional gas chromatography
provides a detatled separation for the compounds within a sample. Based on this,
guantifative analysis of the 2D-GC can be used to provide normalization targets for the
field ionization time-of-flight mass spectrorseter, including specific details on the vormal
paraffin carbon number distribution. This allows for matching of the quantitative
wlormation from the flame lonization detector with both the qualvative information (such
as compositional information) and quantitative information of the ficld-ionization time-of-
flight mass spectrometer.

Peiroleum or Hvdrocarbon Sarples for Analvsis

{8022} In this description, reference may be made to hydrocarbon strearus,
hydrocarbon samples, and/or hydrocarbon mixtures. Hydrocarbon streams, samples, or
mixpwres are defined herein fo include streams, samples, or mixtures containing
heteroatomws. As understood by those of skill in the art, a typical mineral petroleum
cedstock often includes compounds containing heteroatoms, such as (but not Himited to}
compounds confaining suifur, nitrogen, trace metals, and/or oxygen. Unlessitis
specifically indicated otherwise, hydrocarbon streams, samples, or mixtures are defined to
include streams, samples, or mixtures containing compounds that include such
heteroatoms. Thus, even though a typical petroleum sample contains atoms other than
carbon and hydrogen, such a petroleum sample is included in the definition of a
hvdrocarbon sample.

{6023 In various embodiments, petroleum and/or other hvdrocarbon samples can be
analyzed using a combination of ficld ionization time-of-flight mass speetrometry and 2-
dimensional gas chromatography with flame tonization detection. For both of these
analysis methods, at least one separation stage of gas chromatography is used to separate a
saraple to reduce the number of compounds reaching a corresponding detector at a given
time. Thus, petroleum and/or other hydrocarbon samples that are characterized according
to cmbodiments of the mvention arc preferably samples that are suitable for separation via

gas chromatography. In some erabodiments, the saroples correspond to saraples with a
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final boiling point of about 1050°F (366°C) or less. Such saraples correspond to distifiate
saraples that can include dicsel boiling range compounds, atmospheric gas oil compounds,
and vacuum gas oif compounds. Compounds with botling points greater than 1000°F
{838°C}, such as greater than about HO50°F (566°C) or 1100°F (393°C), depending on the
erobodiment, correspond to compounds from vacuum resid. Due to the higher boiling
point of vacuurm resid compounds, the gas chromatography or the ficld tonization
technigues used in the mvention may not have full effectivencss.

[4624] I other embodirents, a sample for analysis can coreespond to a diesel botling
range samiple. Examples of dicsel boiling range samples include samples with a botling
range from about 400°F (204°0) to about 800°F (427°C). In still other embeodiments, if
kerosene boiling range compounds are alse included in the sample, the initial boiling point
for the sample can be as low as at least about 215°F {102°C).

{8025} in this discussion, reference will be made to analyzing petesleam samples
and/or hydrocarbon samples. A petroleurn and/or hydrocarbon sample can be obtained in
any convenient manner. An initial source for a sample can correspond to a raw or virgin
mineral feed, a non-conventional feed such as a syathetic erude or a biologically derived
otl, an output from a refinery process, or a combination of any of the above. When
performing the combined analvsis deseribed 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 separately 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 sarmaples).

18626 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 construcied at 2 desired lovel of detail, One
option is to construct the model of composition at the compound level, 5o that cach

corpound is represented with a corresponding weight pereent in the model,
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18027 Another option is to construct the model of composition based on compound
classes. Compound classes refor to types of molecules within a sample {or an initial
source.} Examples of compound classes include, but are not himited to, paraffing, one-ring
vaphthenes, two-ring naphthenes, other multi-ring naphthenes, {-ring aromatics, two-ring

aromatics, other roulti-ring aromatics, and polar compounds. Grouping conpounds into

o .
i

componnd classes in the model of composttion can facilitate analysis of the propertics of a
given composition, Addittonally, compound classes can be used as av 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
organtzing compownds according to compound class, a total aromatics measurement for a
sample can be compared with the total number of aromatic compoeunds in the compound
classes. If desived, the relative weight percentages of the compounds in the model of
corpoesition can be normalized to adjust the porcentage of total aronatics versus the
percentage of other types of compounds.
(8028 Stil another option is to constrict the model of composition by organizing
compounds based on Z-number distribution. A Z-number is defined as hydrogen
deficiency in the general chemical formuls, ColpezNL53.0,. The more negative the Z2-
number, the more unsaturated the corresponding molecule, Based on the detailed
compositional information available from the time-of-flight mass speetrometer, in
combination with the compound class informuation available from the 2-dimensional gas
chromatographic separation, the compounds within a sample can be organized based on the
corresponding Z-class. This aliows compounds to be grouped roughly according o
componnds that form a homslogous scrics within a sample. Yot anothor option is to usc a
combination of any convenient classification method, including the methods described
above, for forming the model of composition.

Gas Chromatography with Field lonization Time-of-Flicht Mass Specyrometry

{6024 In various embodiments, two portions of a hydrocarbon sample are analyzred
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



WO 2015/061017 PCT/US2014/058784

A0 -

ionization time-of-flight mass spectroractry (FI-TOF-MS) to characterize the maicrial
extting from the gas chromatography process,

[6038] Gas chromatography is generally used 1o separate hydrocarbou species by
boiling point or polarity depending on type of coluran used. For GC-FI-TOF mass
spectrometry, a gas chromatography technique for separation based on botling point is
preferably selected.

[0031]  Inthe various types of nass spectrometry, one of the requirernents for defecting
a compound is to form some type of ion. In ficld 1onization, jons are formed by applyving a4
high clectric potential to a sharp surface. This resulis 1o an electne field near the surface
that iy suitable for forming ions of corupounds, such us hydrocarbon compounds, that are
on or near the surface. Field {onization is a method for forming tons that aliows for “soft”
wonization of hyvdrocarbon molecules. This means that the amount of fragmentation of
hvdrocarbon molecules due to the fonization is reduced or minimized. By using a soft
wonization method, the munber of peaks in the resulting mass spectrogram is reduced,
which facilitates wdentification of compounds,

{8032} 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 reselution {mass resolving power > 5000) to
determine masses of hydrocarbons within 3 mDa or less, which allows for accurate
determination of the elemental composition of species. This aiso allows the TOF-MS
apparatus to distinguish between species that differ in mass by only a foew mDa. Asa
resuit, molecules that share the same nominal mass but different in exact masses can be
resolved. For cxample, the mass of a carbon atom differs from the mass of 12 hydrogen
atoms by 93.9 mDa. This type of difference 8 readily resolved using the TOF-MS
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 scparation with the TOF-MS 1s usually sufficient to completely or partially
resolve the differcnce. For molecuies with identical chemical compositions, such as

normal paraffing versus isoparaffins or olefing versus cycloparaffins, resolution of distinet
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species is dependent on the retention time in the GC separation, TOF MS also accurately
determines the masses of the hydrocarbon components {with an error of less than 3 mDa).
186033} Although ficld tonization time-of-flight mass épcctmmstry {FI-TOF-MS} is
suitable for detenmining detatled information about the composition of species within a
sample, the FLTOP-MS method is not as effective for determining relative amoonts of
species within a sample, For example, the field jonization technique has widely differing
response factors for different classes of corapounds, such as paraffins versus aromatics. A
response factor is a measure of how readily a compound will jonize so that the compound
can then be derected using the time-of-flight mass spectrometer. Compounds such as
puraffins tend to be difficult to tonize using soft tonization techniques, resulting in low
response factors in comparison with aromatics and other more eastly tonized compounds.
Because of the varying response factors, it can be difficult to deterraine the relative
amounts of compounds within a saraple using FLLTOF-MS. This problem ean be mitigated
{but not cured) by calibration.

2-Dimensional Gas Chromatogeraphy with Flame lomzation Betector

18934] In Z-dimensional gas chromatography, a pair of chromatography columuns are
used in order to perform a more thorough separation. For example, a first column can
provide a separation based on botling point while a second column provides separation
based on polarity. During operation, the second column preferably performs a relatively
fust separation as compared with the first column, in order to reduce or minimize any
overlap between species that were effectively separated in the first column.

|8035] As noted above, the first separation stage can correspond to a GC separation
stage bascd on boiling point. The sceond separation stage can then correspond to a GC
scparation bascd 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 compounnds will enter
the sccond 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
sceond GC separation stage operate quickly enough to avoid substantial residence overlap
in the second GC scparation stage of compounds that were cffectively separated in the first

scparation stage, As an cxample, consider two compounds with sufficicntly distinet



WO 2015/061017 PCT/US2014/05878+

boiling points that the compounds exit the first GC separation stage at substansially
different fimes, such as 20 seconds apart. The second GO separation stage preferably has a
residence time that s sufficiently short so that the compound that exits the first GC
separation stage at a substantially later time do not have an opportunity to “catch up” to the
cartier 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 sirotlar times. This 15 not a problerm, as the henefit of the
second GO separation stage 18 to provide an additional separation for those compounds that
exit the first GO stage at similar times. Imstead, the goal of having the second GC
separation stage operate relutively quickly is to reduce or minimize situations where
compotnds that are clearly distinet based on the first GO separation stage become mixed
or merged together again in the second GC separation stage.
8036} In various embodiments, the second GC separation stage can have a
characteristic residence time on the order of segonds, For example, the longest residence
tinte for compounds that are passed into the second GO separation stage from the first GC
separation stage can be about 20 seconds or iess, such as about 15 scconds or less or about
10 seconds or less. So long as the second G separation stage is effeetive for providing
additional separation, the minimum residence time for a compound to exit the second GC
separation stage 1s not critical. For example, minimum residence times for compounds
exiting the second GC separation stage of can be at least 0.1 scconds, such ay at feast .25
seconds or at feast 0.3 seconds. Optionally, the minimum residence time for the second
G acparation stage can also be characterized based on compounds with at lcast a
threshold molecular weight, such as compounds with a molecular weight of at lcast 60
Daltons, such as at least 80 Daltons or at least 100 Daltons.
{8437} For comprehensive two-dimensional gas chromatography (GC x GO}, a suitable
systomt is an Agilent 6890 gas chromatograph {Agilent Technology., Wilmington, DE)
configured with a split / splitless inlet, capillary columns, and detector. The capillary
column system containg a first-dimensional column, which is a BPX-3, 30 m, 8.25 mm i.d.,
L0 um film, and a second-dimensional column, which 15 a BPX-30, 2 m, 0.25 mm i,

0.25 pm filme Both colurons are manufactured by SGE Ine. (Austin, TX}. There is a fooped



WO 2015/061017 PCT/US2014/058784

jet thermal modulation assembly (Zoex Corp., Lincoln, NE) located in between the first
and the second dimension columns. This modulator assembly contains a Hauid nitrogen
cooled “trap-release” jet thermal roodulator with a looped transfer column,

{8038] The detection systern ased for the 2D-GC weasurements deseribed herein was a
flame wnization detector, Flame londzation is useful method for quaniitative detection of
the amownt of carbon o a sample. In a flame lonization detector, a sample is passed
through a flame formed from combustion of hvdrogen and cither oxygen or compressed
atr. This pyrolyzes the sample and generates wons based oo the comapounds (such as
hvdrocarbons) in the sample. The flame jomzation is performed between two clectrodes
which serve as detectors. The signal generated from flame onization is proportional o the
mass of the hydrocarbons in the sample, which make the detector suitable for quantitative
characterization.

Correlation of Chromatographic Columns

[8939] To provide both a qualitative and a quantitative characterization of a saruple,
the reseits from the GU-FI-TOF-MS are combined with the resulis from the 2D-GC Hame
ionization detector. In some aspects of the invention, the combination of resulis is further
enhanced by determining a correlation between the initial GC sceparation of the
FI-TOF-MS detector and the first stage separation of the ZD-GC.

(8046 One option for combining the results between the GC-FI-TOF-MS system and
the 2D-GC system s to use sufficiently similar operating conditions for both the GU in the
GU-FI-TOFR-MS system and for the first GC separation stage in the 2D-GC system.
Preferably, using substantially similar operating conditions can correspond o using the
same type of chromatography colump in both separations. By using the same type of
column for both GC scparations {along with an optional calibration), the compounds
emarging 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
2D-GC systom,

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

relatively straightforward, For the compositional information, the GC scparation
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performed prior to the field ionization will result in 4 series of mass spectrographs that
vary based on the mass of the compound(s) extting the GU separation al a given time, At
any given tiroe, the mass spectrograph will only show a relatively small nursber of peaks,
with the average number of peaks at a given time decreasing as the separation efficiency of
the GC column icreases. By using a mass spectrometer with sufficient resolving power,
the compostional formulas of these corapounds in the rmass spectrun can be determined
with a high degree of confidence. As noted above, this assignioent of coropositional
formulas docs not distinguish between true tsomers, but it can distinguish between
cornpounds with different chemical compositions that have only an approximate malch in
motecular weight.

{8042} In embodiments where the same type (or a sufficiently similar type} of columns
are used for the G separation for the FI-TOF-MS and for the fivst GC separation stage,
the compounds detected by the mass spectrometer can alse be expected to exit the first GC
separation stage at a similar time and/or in a similar order. Because the FE-TOF-MS
detector allows for accurate compositional information, i can be feasible to determine 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
FI-TOF-MS spectrum can b uniquely assigned to corresponding compounds exiting the
second separation stage of the ZD-GL system. This would enable complete quantitative
characterization of the compounds in a sample. Alternatively, the quantitative information
from the 28-GC system may be limited to 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 numabers of rings, and polar molecules. Optionally but preferably, the
quantitative information for a compound class generated by 2D-GC can be further divided
into g plurality of retention windows within the class.

[8043] I other embodiments, the GC separation stage used for the GC-FI-TOF-MS
analysis can be different from the first GC scparation stage for the 2D-GC analysis, So
fong as the two G separation stages can be sufficiently correlated. any convenient types

of GC separation stages can be used for the fmtial GC separation of the GC-FI-TOF-MS
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analysis and for the first stage of the 2-GC analysis. As described above, the compounds
detected in the mass spectromeier can then be assigned to compound classes and then
normatized based on the amount of cach compound class detected based on the 2D-G(
analysis, Optionally but preferably, the quantitative information for a comapound class
generated by 2D-GC can be further divided into a plurality of retention windows within the
class,
(8044} Preferably, the GC separation stage for the FETOF-MS analysis can result in
the same or a (substantially} similar exit order for compounds eroerging from fiest GC
separation stage. The residence times in the GC for the FI-TOF-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 to be similar,
{B45] 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 paraffing within the 1V separation
dirnension 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 clution 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 elution times of the
paraffins can be compared between the 2D-GC and FI-TOF-MS systems in order to

relate the gas chromatography columas in the respective systems,
|8046] One option for comparing two difforent scparations is to usc a retention
rorraal-paraffin index to align the two scparations. 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 oxample, retention normal-paraffin index 8 is the retention
time of n-octane {(which contains 8 carbons) in a given separation. Similarly, retention
normal-paraffin 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 colunns
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and/or operating conditions. However, for scparation columns that produce the same ora

]

simatlar order of exit for compounds i a sample, characterizing the retention tiroe based on

hues allows for a comparison between different

retention normal-paraffin index va
separation columns {or similar colurans operated under different conditions).

(8047} Based on the measurable values for the various n-paraffins, other types of
characterizations cau be developed for a separation. For exarople, a retention normal-
paraffin jodex of 8.5 can be identified as the average of the retention normal-paraffin nddex
values at mdexes 8 and 9. Additionally, the retention normal-paraffin index values can be
used to define retention windows for the compounds eluting in a separation colummn. For
example, the ehution time between refention normal-paraffin indexes 8 and 9 ina
saparation can be defined as a tirne window, so that cornpounds within the time window
can be characterized together. For a technique such as 2DGC, identifving such a time
window can allow for guantitative characterization of the amount of various compound
classes that elote within a time window. This quantitative characterization can then be
psed to normalize the signal values from a technique such as GU-FI-TOF based on the
compound class corresponding to the moelecular formulas assigned to the various peaks.
18048 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 cach column can then be divided into
time slices {(or windows} based on the retention normal-paraftin index for each columm.
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 generated
for the time mnterval, The 2DGC data can then be similarly averaged across the time same
retontion window interval to gencrate compound classes. Bascd 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
elution. 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 2D-GC Data

[8049] FIG. 3 shows an example of the output generated by performing 2D-GC with
flame {onization detection on a dicsel sample. In FIG. 3, the horizontal axis represents the
vetention turie for the first gas chromatography column of the 2D-GC apparatus, while the
vertical axis corresponds 1o the seeond gas chromatography colamn, As shown in FIG. 3,
the compaunds detected by Haroe ionization detection can be grouped into a plarality of
categories or classes, based on exit tiroe from the second dimension of the 2D-GC. The
fastest compeunds 1o emerge from the 2D-GC are paraffins 310, followed by I-ning
naphthenes 320, 2-ring vaphthenes 330, [-ring aromatics 340, 2-ring aromatics 350, and 3-
ring aromaties 360, Of course, additional elusses of compounds could be present ina
higher boiling range sarple, such as a sample based on a whole crude iustead of a sample
based on just a diesel fraction.

{8050} Bascd on the assignment of peaks in the 2D-GC into classes, the peaks withio
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 10S0°F (566°C), it will typically be
expected 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
entive sample. Based on this, the detected amounts for cach compound class relative to the
total sampic can be determined.

[8051] After generating a normalization value for euch sample, the normalization
values can be applied 1o the detected intensities for compounds from the GC-FI-TOF-MS.
Based on the assignment of molecular formulas, the compounds detected by FI-TOF-MS
can be assigned to compound classes that match the general classcs identified in the 20-
GC. Within a given class of compounds, such as 1-ring aromatics, it is ¢xpected 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 normoalization, an amount for
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cach type of compound can be idensified without having to strictly corrclate the peaks in
the 2D-GC with the individual composition peaks in the FI-TOF-MS. The normalizec
arpouuts for the compounds within the sample can then be used, for example, as a basts for
predicting other properties of the sample,
(8052} In some optional but preferred aspects of the invention, normalizing based on
componnd class can be angmented by normalizing based oo both compound class and a
retention time window or stice for the first gas chromatography stage in the 2D-GC. In
this optional aspect, the compounds detected by the 2D-GC with flame wonization detection
are stif grouped according to compound class as described above. Additionally, within
each compound class, retention window groups are formed based on the amount of time
requited for a compound to elute in a gas chromatography stage.
{8053} The retention window groups within the compound classes can be drawn In any
conventent manncr. One option is to define common setention window groups that arg
used across multiple compound classes, such as common retention window groups that are
used for all compound classes. Time windows based on retention normal-paraffin index
values are an exampie of time windows that can be suitable for dividing a chromatograph
into manageable picces 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 eriteria. One option is to define a retention window
based on an amount of chition time in a gas chromatography column. Another option is o
detine retention windows so that the amount of time can vary, but a specified number of
compounds reside within cach retention window. The retontion windows can be defined
bascd on the first stage of the 2D-GC or based on the GU stage of the FLTOF-MS
deteetor.
[8054] After defining a retention window, the peaks within a retention window for a
compound class tn the 2D-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 porformed based on both compound class and retontion tume,
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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; bused on corrclation of retention times
for specifically identified paraffin compounds between the stages; or by any other
convenient method.

{3055] it is noted that because the retention times 1n the 2D-GC and the FILTOF-MS
are net necessarily the same, the retention windows will typieally be defined based on one
of the detection methods, such as the retention nime 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 exampie, by drawing a retention window io capture the
same number of compounds as the nurober calculated for the corresponding 2D-GC
refention window. Beeause both detection methods exhibit little or no baseline rise, the
number of distinet compounds should be clear in both methods, thus allowing the rotention
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
ormal-paraftin index values for both separations.

{8056] It is noted that about 1850°F 15 the upper limit for boiling point for the tvpes of
compounds that can be characterized using the FI-TOF-MS detection method. This i3 due
in part to a limited ability /7 inability to cansc such heavier compounds o 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
sataple. A reference sample can correspond to any convenient sampic where the entire
samplc can be detected using the 2D-GC technique. For such a sampile, the detected peak
heights in the 2D-GC specira can be integrated to determine an overall signal intensity for

a given volume of sample. The expected overall signal intensity for a given volome of
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sample can then be compared with the measured signal intensity for a new or unknown
sarople that may contain [050°F+ material. The difference in measured signal intensity for
a given volume hetween the reforence sample and the new sample corresponds to the
amount of material in the new sample that docs 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 measured s characterized as described
above, with the understanding that the normalized FI-TOF-MS peaks represent less than all
of the sarople. It is destred to develop a model of coraposition for the remaining portion
of the sample, that can be performed in any convenient way, with the armcunt of material
not detected being used to normalize the amounis for any compounds assigoed to the
remaining portion of the sample.

Example: Comparison of Supereritical Fluid Chromatography with Flame Ionization

Detection (1D-GC and 2D3-GOY

[BO5E] In various embodiments, an improved method for characterizing a petrolewm
sample {or other hydrocarbon sample) is provided by using a combination of a field
tonization time-of-flight mass spectrometer (FLTOF-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 achteved by this
method is the henefit derived from using flame lonization as the deteetion method for the
gutput from the 2D-GC separation. This correlation allows the compositional information
determined in the FRTOF-MS analvsis to be matched with quantitative information from
the flame ionization,

[B805%] The benefit of using flame jonization as a detoction method can be scen in
comparison with using supercritical fluid chromatography to provide guantitative
information. Like gas chromatography, supereritical fluid chromatography is a separation
technique. SFC is a normal phase chromatographic techrnique that utilizes high pressure
tiguid carbon dioxide as the mobile phase. Supercritical fluid chromatography cannot be

ascd with a mass spectrometer, and also cannot be readily compared with the gas
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chromatographs used to provide an initial scparation for mass spectrometry. However,
supercritical fluid chromatography does provide some of the guantizative information that
is avatlable via 2D-GC with flame lonization detection.

{8068] FIG. 1 shows a typical supereritical flund chromatogram or trace. Nou-polar
coraponents elute first, followed by components of incrcasing polarity. Prior studies have
defined the saturate splits while the aromatic splits are defined by a UV detector
monitoring four wavelengths that are believed 1o be representative of oue to fouar ring
aromatics. Quantitative information can be dertved from the sapercritical Huid
chromatograrn by assigning the area under the trace 1o various coropooents, This alfows
for a relative determination of the amounts of classes of compounds within a sample, such
as paraffing, one-ring saphthenes, or two-ring aromatics. This ¢an be used in combination
with a technique such as FI-TOF-MS by assuming that the response of compounds within
a class will be roughly constant in FETOF-MS, The FETOF-MS data would theo 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 valleys
between the paraffing and one-ring naphthenes, and the one-ring naphthenes and two-ring
naphthenes rise. Because the supercritical fluid chromatogram does not atlow for
distinctions between individual compounds. the area under the trace in a supercritical fhuid
chromatogram is asstgned to classes by splitiing the area under the trace with a vertical line
between two regions. In addition to difficultics in selecting where 1o draw such a vertical
fine, this ignores the likely Gaussian nature of peaks for adjacent classes. lategration errors
for the arca under the trace can alse occur in the aromatics region of the trace. The ring
class separation is basced on UV response at different wavelengths, but there is usually
sigrnificant overlap between aromatic classes as well, especially at higher retention times
(i.c. higher ring classes).

{80062} Using 2D-GC with flame ionization detection provides superior quantitative
information relative to supereritical fluid chromatography methods for at {east two reasons.
First, by using 2D-GC with flame ionization detection, less reliance is placed on the

guantitative information from the FI-TOF-MS. For the supereritical fluid chromatography
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method described above, an assuraption is made that FI-TOF-MS response curves are
uniform across compound classes, By contrast, wheo the FI-TOF-MS is pawred with 2D-
GC with flaroe onization detection, the only assumption required is that respouse curves
within a compound class are similar, which s believed to be more reliable assumption,
This reduces ot minwizes the quantitative ervors that result from the assumption of
uniform response curves for compounds withio classes. Second, the 2D-GC with flame
ionjzation detection rethod provides more detailed quantitative information, allowing for
improved accuracy m determining the amoants for cach class of cornpounds.

{8063} FIG. 2 shows an example of an analysis of a typieal diesel botling range sample
using 1D-GO with flame tonization deteetion as the analysis method. In contrast to the
supercritical fluid chromatogram, the flame {onization spectrury in FIG. 2 shows distinet
peaks for the various compounds in the sample. This allows for integration of the area
ander the trace for individual compounds, which can then be summed (i desired) to derive
the amounts for compound classes. Thus, flame {onization detection allows for more
detailed quantitative analysis than supercritical fluid chromatography.

[$064] One potential shortcoming of the spectium shown in FIG. 2 ts the presence of
bascline rise, 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-G{ separation
s the input for the flame fonization detection. FIG. 3 shows an exampic of the separation
that can be achieved for another typical divsel boiling range sample. In FIG. 3, retention
times arc 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 sceond separation stage, an intensity is available which corresponds to the amount
of hvdrocarbon detected at that tirae. Based on the nature of the sccond Scparatiﬁn stage,
FIG. 3 also shows a rough assignment of the data into compositional classcs, such as
paraffins, one-ring naphthenes, or two-ring aromatics. Because the sccond separation stage
provides further separation of compounds that emerge from the first separation stage at
similar tirnes, the 2D-GC separation reduces the amount of bascline clevation, This allows

for better assigrument of quantitative information to the proper compound in a sarmple.
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{6065] FIGS. { 1o 3 demonstrate the improvement that can be achioved asing 203-GC
with flame onization detection for quantitative analysis of the compounds within a
petrofeum {or other hydrocarbon) sample. Further evidence of this tmprovement i3
provided in Table | below. Table | shows a comparison of the quantitative information
derived using supercritical fluid chromatograpby versus 2D-GC with Hame tontzation
detection as a complementary technique for FI-TOF-MS. A typical diese] boiling range
sample was used for the coraparison in Table |

[8066] Table | shows the assigoment of cheomical class “lumps” for the diesel saraple
using both supereritical fluid chromatography (SFC) and 2D-GC with Hame ionization

detection.

TABLE 1 — Cowmparison of 2D-GC and SFC

Fraction Normalized 2D-GC Normalized SFC

Paraffins 26.74 26.60

Omne-Ring Naphthenes 15.63 12.34

Two+-Ring Naphthenes 7.84 i4.52

One-Ring Aromatics 2478 2235

Two-Ring Aromuatics 20.29 14.08

Three+-Ring Aromatics 4.72 10,10

Total 160 100

13067 As shown 1o Table 1, the total values for saturates (paraffins plus naphthenes)

and aromatics are similar for 2D-GC and SFC. However, when further broken down into

compoand classes, SFC shows significant differences n the 2+ ring naphthenes as well a

the higher ring aromatics. Diue in part to the superior baseline resolution available in
203-GC with flame lonization detection, it is believed that the 2D-GC vahies are mose
reliable.

{8063] Table 2 shows the benefit of using 2D-GC instead of 1D-0C as the separation
method for the flame jonization detector for the same type of diesel sample shown in Table

1. In Table 2, the relative amounts of various n-paraffing 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 1D-GC and ZD-GC methods provide similar amounts, However, in the
{D-GC analysis, a sornewhat large error s present for the amount of the C17 normal
paraffin. This is due to an overlap of an aromatic compound with the C17 paraffin in the
{D-GC flame jomization detection trace. By contrast, in the 2D-GC wrace, the second
separation stage causes the aromatic compound to arcive at the flame onization detector at
a later {distinet) time, so that the C17 paraffin peak s not couvolated with the arematic

peak.

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

Carbon | Mormalized
Mumber P GC-FID
-8 {.1¥ 0.27
nP-C10 0.67 (.83
ufP-Cl 0.96 .06
aP-Ci2 {3.96 1.25
al-{13 1.23 1.24
nP-Cli4d 1.91 1.84
aP-C 13 205 1.95
nP-C16 1.91 }.64
nP-C17 212 £.39
nP-18 .19 0.92
uP-(C19 0.65 .57
aP-C24 0.4 .36
nP-C21 027 (.26
uP-C22 .17 815
nP-C23 0.1 0.10
aP-C24 $.05 0.05
uP-C25 0.02 0.03
aP-C26 .01 8.01
Total 14.87 13.92
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Assignment of Compounds to Z-Clagses
[8069] Int sorae aspects of the tnvention, the output from the 20-GC with flame

fonuzation detection is used to quantitatively determine the amount of each compound class
present within a petroleurn {or other bydrocarbon) sample. The output from the
FETOF-MS analysis can then be used to assign detected corapounds to a corresponding
compound class. Oune option for assigoment of coropounds to compound classes 15 fo
assign based on a Z-class, where the Z-class defines the number of ving structures and/or
degrees of unsaturation present in a compound. FIG. 4 shows the Z-class for various
representative compounds containing ouly carbon and hydrogen. FIGS. 5 and 6,
respectively, show the Z-class for various representative compourds that also inchude
gither one sulfur atom or two suifur atoms.

Additional Embodiments

18076} Embodiment 1. A mcthod for characterizing petroleum or other hydrocarbon
compositions, corprising: separating a first phurality of compounds in a first bydrocarbon
sample using a first gas chromatography separation; determining a composition and a first
weight for each of 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 sccond hydrocarbon sample using a sccond gas
chromatography separation, the second gas chromatography separation inchuding at least a
first separation stage and a second separation stage, the second hydrocarbon sample being
ferived from the same hydrocarbon source as the first hydrocarbon sample; determining a
second weight for cach of the separated second plurality of compounds; assigning the
scparated sccond plurality of compounds to a plurality of componnd classes; determining
refative weight for cach of the plurality of compound classes based on the sccond 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 corapound classes, to generate a normalized weight for
cach compound, the normalizing of a first weight for a compound being based on at icast a

compound class corresponding to a determined composition for the compound; and
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developing a model of composition for the hydrocarbon source based on at least the
normalized weights for the fust separated plurality of compounds,
(8471} Embodiment 2. The methoed of Ernbodiment 1, further comprising identifving
and quantifying a composition for one or more paraffin compounds in the separated second
njurality of compounds.
{80724 Embodiment 3. A method for characterizing petroloum or other hydrocarbon
cornpositions, comprising: separating a fivst plurality of compounds in a first hydrocarbon
sample using a first gas chromatography separation, each compound in the first plurality of
cormpounds being within a retention normal-paraffin index window; determining
compositions for the separated fiest plurality of compounds using mass speetrometry, the
ions for mass spectrometry being formed by a soft iomzation method; separating a second
plurality of compounds in a second hydrocarbon sample using a second gas
chromatography scparation, 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, cach
compound in the second plurality of compounds corresponding to a compound in the first
piufaiity of compoumd& where cach campound in the second plurality of compounds is
in the first phurality of compounds; determining relative weights for the separated second
plurality of compounds; correlating the first pEu:‘aEity 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 phurality 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.
LHER]! Embodiment 4. The methed of Embodiment 3, wherein the normalizing of a
first weight for a compound 15 further based on a retention window corresponding to the
detormined compound.
18074 Embodiment 5. The method of Embodiment 3 or 4, wherein ¢orrelating the
first plurality of compounds with the second plurality of compounds comprises correlating

the order of exit of the separated fiest plurality of compounds from the first gas



WO 2015/061017 PCT/US2014/058784

b
~3

chromatography separation with the order of exit of the separated sccond plurality of
componnds from the second gas chromatography separation.

{8075} Embaoditnent 6, The method of any of Ermbodimenis 3, 4, or 5, wherein
correlating the first plurality of compounds with the second plurality of compounds
coraprises 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
pluratity of compounds from the first separation stage of the second gas chroratography
separation.

8076} Embodiment 7. The method of any of the above erobodiments, wherein the
second weight for sach of the separated second plurality of compounds is determined by
flame lonization detection,

{88771 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 murnber of naphthene rings in a compound, a mumber of aromatic rings in a
compound, or a combination thereof,

10781 Embodiment 8. The method of any of the above embodiments, wherein the
second hydrocarbon sample comprises one or more additional compounds different from
the sccond phurality of compounds, the method further comprising: calenlating a combined
weight for the separated sceond plurality of compounds based on the determined second
weights; and culeulating a weight percentage for the sceond 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
referenee sample, and a reference weight of a third plurality of compounds separated from
the reference sample using the sccond gas chromatography separation.

186791 Embodiment 1Q. 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.

{6080 Embodiment [, The method of any of the above embodiments, wherein
developing the model of composition coraprises assigning the plurality of compounds in

the first hydrocarbon sample to a plurality of Z-classes,
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{3081 Embodiment {2, The method of any of the above embodiments, wherein the
final boiling point of the first hydrocarbon sample is aboat [O50°F {S66°C) or less,
16082} Emboditnent 13, The method of any of the above erabodiments, further
comprising: obiaining an initial sarople from the hydrocarbon source; and splitting the
mitial sarople into at least the fivst hydrocarbon sarmple and the second hydrocarbon

sarple.
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CLAIMS:

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 each of the separated first
plurality of compounds using field ionization time of flight mass spectrometry;

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 each of the separated second plurality of
compounds; wherein the second weight for each of the separated second plurality of
compounds is determined by flame ionization detection;

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

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

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

normalizing the first weight for each of at least a portion of the separated first
plurality of compounds, based on the determined relative weights for the plurality of
compound classes, to generate a normalized weight for each 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 separated first plurality of compounds.

2. The method of claim 1, further comprising:

obtaining an initial sample from the hydrocarbon source; and
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splitting the initial sample into at least the first hydrocarbon sample and the

second hydrocarbon sample.

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

thereof.

4, The method of claim 1, further comprising identifying and quantifying a
composition for one or more paraffin compounds in the separated second plurality of

compounds.

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

calculating 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.

6. 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

source.

7. The method of claim 1, wherein developing the model of composition
comprises assigning the plurality of compounds in the first hydrocarbon sample to a

plurality of Z-classes.

8. The method of claim 1, wherein the final boiling point of the first hydrocarbon
sample is about 1050°F (566°C) or less.
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9. The method of claim 1, wherein the normalizing of a first weight for a
compound is further based on a retention window corresponding to the determined

compound.

10.  The method of claim 1, wherein correlating the first plurality of compounds
with the second plurality of compounds comprises 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 second

gas chromatography separation.

11.  The method of claim 1, wherein correlating the first plurality of compounds
with the second plurality of compounds comprises 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 chromatography separation.

12.  The method of claim 1, 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.

13.  The method of claim 1, wherein developing the model of composition
comprises assigning the plurality of compounds in the first hydrocarbon sample to a

plurality of compound classes.

14.  The method of claim 1, wherein developing the model of composition
comprises assigning the plurality of compounds in the first hydrocarbon sample to a

plurality of Z-classes.

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



