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ABSTRACT: Comprehensive two-dimensional gas chromatography (GCxGC) s\ POiyaromatics, polynaphthenics
offers unrivaled separation of petroleum substances, which can contain thousands / h

of constituents or more. However, interpreting substance compositions from GCxGC
data is costly and requires expertise. To facilitate environmental risk assessments,
industries provide aggregated compositional information known as “hydrocarbon
blocks” (HCBs), but these proprietary methods do not transparently associate the
HCBs with GCxGC chromatogram data. These obstacles frustrate efforts to study mdng g\
the environmental risks of petroleum substances and associated environmental ~— rePhthenics. g
samples. To address this problem, we developed a GCxGC elution model for user-
defined petroleum substance compositions. We calibrated the elution model to
experimental GCxGC retention times of 56 known hydrocarbons by fitting three
tunable model parameters to two candidate instrument methods. With the calibrated
model, we simulated retention times for a library of 15,447—15,455 hydrocarbon
structures (plus 40—48 predicted as chromatographically unretained) spanning 11
classes of petroleum substance constituents in the C,y—Cs, range. The resulting simulation data reveal that GCxGC retention times
are quantitatively associated with hydrocarbon class and carbon number information throughout the GCxGC chromatogram. These
innovations enable the development of transparent and efficient technical methods to investigate the chemical compositions and
environmental properties of petroleum substances, including in environmental and lab-weathered samples.
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H INTRODUCTION requires deep expertise. For example, investigators have
reported that the naphthenic, branched saturate and
substituted aromatic fractions exhibit slow degradability
compared to other GCxGC-amenable fractions,"””*>"'" bring-

Petroleum substances are unknown or variable composition,
complex reaction products, or biological materials (UVCBs)
that contain numerous constituents, ranging from hundreds of

constituents in naphthas to millions in bitumens / residual ing attention to the environmental relevance of these
aromatic extracts. To investigate the environmental impacts of petroleum hydrocarbon classes. However, these fractions
these extremely complex substances, an understanding of the exhibit crowded and overlapping elution patterns in the
composition of the petroleum substance is needed; many GCxGC chromatogram,”'" which complicates their composi-
researchers have turned to com?rehensive two-dimensional gas tional interpretation, and few chemical standards are available
chromatography (GCxGC).'™" GCxGC can resolve thou- to identify the analytes. Yet GCxGC-FID and GCxGC coupled
sands of petroleum substance constituents in the C4—C,q to time-of-flight mass spectrometryg’u’zo’zs’% are among the
elution window and beyond, separating analytes into most effective analytical tools available to separate and
structured elution patterns that form rows and clusters of interpret these challenging petroleum fractions, which are

peaks according to their chemical class and carbon
number.”*”'°~>" When coupled to a flame ionization detector,
GCxGC permits consistent quantitations of petroleum hydro-
carbon analytes individually and as groups, due to this
detector’s excellent signal-to-noise ratio, dynamic linear )
response over a wide concentration range, and a response Revised:  November 2, 2022
factor, which is proportional to carbon number for hydro- Accepted:  November 2, 2022
carbons. 112224 Published: December 7, 2022
Despite the advantages of GCxGC for studying petroleum
substances, interpreting chromatogram data is costly and

even less accessible with conventional analyses by gas
chromatography coupled to mass spectrometry.
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Figure 1. Schematic overview of the calibration of the elution model to a particular GCxGC instrument method and application of the elution

model to the hydrocarbon library.

Further exacerbating these challenges, the existing data
analysis methods for GCxGC do not effectively address the
information needs of environmental and human health risk
assessments. Petroleum substances are not amenable to
conventional risk assessment approaches for chemical mixtures,
because many constituents have not been positively identi-
fied”” To ada%)t petroleum substances to the rubric of risk
assessment,”® ™" experts simplify the composition information
by aggregating the constituents in groups called “hydrocarbon
blocks” (HCBs),*” which can be derived from GCxGC-FID
data.”® Each HCB consists of a specified range of carbon
numbers within a class of structurally related constituents (e.g.,
C,4 dicyclic aromatics), which are expected to exhibit similar
toxicities and environmental behaviors. GCxGC-FID is well-
suited to support the derivation of HCBs: industry experts can
delineate the GCxGC-FID chromatogram into segregated
regions that represent individual HCBs, each assigned to a
particular chemical class and carbon number range.” However,
the existing HCB implementations are proprietary methods,
originally designed for internal industry purposes, and they
cannot be applied to environmental samples nor reproduced
externally. Consequently, environmental and human health
experts have not established representative constituent
compositions for many HCBs, and the available HCB data
are not transparently associated with the GCxGC chromato-
gram data of the analyzed petroleum substances.

These obstacles frustrate efforts to evaluate the risks of
petroleum substances and their constituents. For example,
previous works have employed GCxGC to determine the
primary biodegradation of thousands of petroleum substance
analytes,”**** but the investigators lacked methods to interpret
the compositional changes in these rich data sets, which
complicates the evaluation of constituent degradability proper-
ties. Although methods exist to estimate partitioning and
bioavailability properties of petroleum substance constituents
by their retention position on the GCxGC chromato-

17914

gram,”' % experts still struggle to characterize the biode-

gradation and biotransformation properties of most constitu-
ents or sub-fractions (e.g, HCBs). These properties are key
inputs to assessments of environmental persistence and
bioaccumulation. The abovementioned information gaps also
stymie attempts to evaluate the similarities among the
constituents within petroleum substances or HCBs, which
limits industry’s ability to address regulatory requirements
designed for constituent-based testing approaches.””

To address these challenges, here we develop an elution
model of GCxGC retention times. We calibrate the elution
model with previously reported retention time data of 56
structurally diverse hydrocarbon compounds (“calibration
analytes”). We then apply the calibrated model to an in-
house library of 15,495 individual hydrocarbon structures,
which enables a theoretical visualization of the elution clusters
of 217 HCBs that originate from 11 different hydrocarbon
classes spanning Cj, to Cj,. Taken together, the GCxGC
elution model and hydrocarbon library provide an unprece-
dented theoretical basis to simulate the hydrocarbon class and
carbon number information of GCxGC-analyzed petroleum
substances. These methods elucidate quantitative associations
between GCxGC elution patterns and petroleum constituent
composition, which in turn forges a path to develop
transparent, reproducible methods to delineate and quantify
HCBs for risk assessment of petroleum substances. These
advances can address essential needs in the existing framework
to assess the environmental risks of petroleum substances, and
they represent a significant step toward unlocking the full
potential of GCxGC to innovate risk assessment of petroleum
substances.

B METHODS

Development of a GCxGC Elution Model for
Petroleum Substances. We developed and tested a model

https://doi.org/10.1021/acs.est.2c06922
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of GCxGC retention times (Figure 1). The model framework
takes as input a list of chemical structures, which could
represent a petroleum substance composition, defined with the
simplified molecular-input line-entry system (SMILES). The
elution model produces as output a set of predicted two-
dimensional GCxGC retention times for these constituents.
The model output depends on the GCxGC instrument
conditions. The elution model can flexibly represent a useful
range of possible GCxGC instrument methods through three
tunable model parameters: @), @,, and ;. These parameters
are further explained with eqs 3 and 4 below. To adapt the
model to a particular instrument method, the user must
optimize the three parameters by regression of the model
equations to measured two-dimensional retention time data for
a training set of known calibration analytes. The user can then
employ the calibrated model to predict GCxGC retention
times of constituents outside of the training set, assuming the
same instrument method conditions. The GCxGC elution
model can simulate diverse chemical structures containing a
wide variety of functionalities. Section S5 describes the
assumptions, limitations, and domain of the elution model.
The elution model code is freely distributed under an open-
source license.”

We describe the development and application of the
GCxGC elution model (Figure 1) as five sequential steps:

Development of a Hydrocarbon Library. Anticipating the
need to represent realistic petroleum substance compositions,
Concawe assembled a library of 15,495 individual hydrocarbon
structures designed to aid environmental risk assessment of
petroleum substances (Section $6).>** The hydrocarbon
library consists of known (i.e, experimentally verified)
constituents that occur in crude oils and refinery distillation
streams and hypothetical (i.e., plausible) hydrocarbon
structures containing 10 to 30 carbon atoms. The library
does not encompass the conversion products of secondary
refinery processes such as cracking and hydroprocessing. We
categorized the library constituents according to 11 hydro-
carbon classes: normal paraffins (nP), isoparaffins (iP),
monocyclic naphthenes (mN), dicyclic naphthenes (dN),
polycyclic naphthenes having >3 rings (polyN), monocyclic
aromatics (mAr), dicyclic aromatics (dAr), polycyclic
aromatics having >3 rings (polyAr), naphthenic monocyclic
aromatics (NmAr), naphthenic dicyclic aromatics (NdAr), and
naphthenic polycyclic aromatics (NpolyAr). The nomenclature
of these classes follows terminology that is familiar to
petrochemical industry rather than academic conventions
(e.g, “paraffins” rather than “alkanes”) in order to facilitate
application by industry. The hydrocarbon library does not
represent a comprehensive listing of all chemical structures
that could occur in petroleum substances. More detailed
information is provided in Section S6. For this work, the
hydrocarbon library provides a reasonable basis to investigate
simulated GCxGC elution patterns of petroleum substances
within these limitations.

Concawe assigned the 15,495 hydrocarbon structures to 217
HCBs, defined by splitting each of the 11 hydrocarbon classes
into 21 bins according to carbon number (C,, to Cs,). Each
HCB represents the subset of structures sharing a common
hydrocarbon class and carbon number (e.g, C,, polycyclic
naphthenes). Some classes do not span the entire range of 21
carbon numbers, because they have a minimum size of >10
carbons (e.g., polyAr, NdAr, and NpolyAr).

Estimation of Chromatographic Retention Properties of
Each Hydrocarbon in the Library. To characterize the
chromatographic retention properties of the hydrocarbons,
we estimated their gas-stationary phase partition coefficients,
L, and L,, at a reference temperature (121 °C) in each of the
two respective stationary phases employed in the first- and
second-dimension columns of the GCxGC, as follows. Using
the SMILES string of each hydrocarbon as input, we employed
the online UFZ-LSER tool*"** (access dates: 08/25/2018, 01/
04/2021) to estimate the following four Abraham solvation
parameters: E, S, V, and L;;, These solute parameters
represent, respectively: E, extent of electronic polarizability
exceeding that of an identically-sized n-alkane; S, electrostatic
polarity and electronic polarizability; V, molecular volume/
surface area; and Ly, the gas-hexadecane partition coef-
ficient.”** We estimated the L, and L, parameters of each
library constituent, i, by the linear solvation energy relationship
(LSER) equations of Abraham:

log L, (121°C) = 0.024E; + 0.190S, + 0.498L,, — 0.194
(1)

log L, (121°C) = 0.071E, + 0.653S, + 0.518L,, — 0.372
(2)

To obtain the coefficients for eqs 1 and 2 (Table S2), we
represented the first- and second-dimension stationary phases
of the GCxGC instrument, 100% dimethylpolysiloxane (Restek
Rtx-1) and 50% phenyl polysilphenylene-siloxane (SGE
BPX50), with published LSER coefficients for the SE-30*
and OV-17 stationary phases,” respectively. As written above,
eqs 1 and 2 omit the reported coefficient” to the hydrogen-
bonding parameter (A), because this parameter is not relevant
for hydrocarbon structures.

The reliance on LSER chromatographic parameters differ-
entiates the GCxGC elution model from other GCxGC
retention time models.”"~>' Due to the broad predictive
capability of the UFZ-LSER tool,*"* users can apply the
GCxGC elution model to diverse chemical structures
containing a wide variety of functionalities, including all of
the hydrocarbon structures in the library.

Derivation of the GCxGC Elution Model. Based on
chromatographic relationships in previous work, ¢ we
assumed that L, ;(121°C), obtained from eq 1, can be related
to the observed first-dimension retention time for each analyte
i, through:

log L, ,(12I°C) = N[ + a, + €; | (3)

where a; (having units of carbon number™") and @, (unitless)
represent tunable model parameters that can be adjusted to
enable a best-fit of eq 3 with observed first-dimension retention
time values for a given GCxGC instrument program, €;,
represents the discrepancy of the fitted logL, ,(121°C) value
by eq 3 for analyte i, and N} represents the fractional number
of carbon atoms of a hypothetical n-alkane (nP class) that
would elute with the same first-dimension retention time as
analyte i, interpolated from the two nearest n-alkanes (eq S1).
Egs 3 and SI assume that the GCxGC instrument employs a
linear temperature program for the first-dimension column
(primary oven).36

We assumed that the L, ,(121°C) value, obtained by eq 2,
can be related to the observed second-dimension retention
time for each analyte i, through:*®
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Table 1. Calibration Parameters and Statistical Properties of the Elution Model for Two Different GCxGC Instrument

Methods
t, statistics for 56

t, statistics for 56 calibration
GCxGC calibration analytes analytes
instrument RMSE RMSE number of library structures with predicted t,
method a, a, a; (min) r (s) 7 > 2 min (of 15,495)
A 0245 + 0.004*  —021 + 007 0+01* 43" 0994" 063" 095" 15447
B 0.243 + 0.005*  —0.19 + 0.08° 1.0 +0.1° 26" 0.994" 050" 096" 15455

“Reported uncertamtles for a), a,, and a; represent an estimated 95% probability interval as determined by a bootstrap of the model regression

equations.

Reported root-mean-squared-error (RMSE) and squared correlation coefficient (r*) values indicate the goodness-of-fit between

modeled values and measured values for the first-dimension retention times (t;) and the second-dimension retention times (t,) of the 56

calibration analytes.

o % b~ %
log L, ,(121°C) = 0.2613N;" + log| -——
2i T~ X3

] — 0.557

T € 4)

where Nj* represents the fractional number of carbon atoms of
a hypothetical n-alkane (nP class) that would elute with the
same first-dimension retention time as analyte i (eq S1), a5 (s)
represents a tunable model parameter that can be adjusted to
enable a best-fit with observed second-dimension retention
time values for a given GCxGC instrument program, €;,
represents the discrepancy of the fitted logL, ,(121°C) value
by eq 4 for analyte i, t, ; (s) is the second-dimension retention
time of analyte i, and t§°; represents the interpolated second-
dimension retention time of the hypothetical n-alkane that
would elute with the same first-dimension retention time as
analyte i (eq S2).

Two numerical constants, 0.2613 and —0.557, appear in eq
4. These constants result from the linear free energy
relationship:

log L, (121°C) = 0.2613N*~0.557 (s)

where L§(121°C) represents the gas—liquid partition co-
efficient of an n-alkane having N* carbons on stationary phase
2 (50% phenyl polysilphenylene-siloxane) at 121 °C. The
numerical slope and intercept of eq S were determined based
on the apphcatlon of eq 2 to a homologous series of n-
alkanes.”® The constants in eq 5 must be re-derived if the
second-dimension column would contain a different type of
stationary phase than that considered here.

In practice, the values of logL, ; exhibit high correlation with
logL, ; for hydrocarbon structures that span a wide range of
carbon numbers (Section S9). To facilitate robust calibrations
of the tunable model parameters, a;, a,, and a;, we defined a
new quantity, A log L,, , which expresses the variability of
logL, ; independently of logL, ;:

Alog L,,; =log L, — PlogL, ; (6)

where f was determined by Gram-Schmidt orthogonalization
of the 15495 structures of the hydrocarbon library. The
resulting B value of 107 is comparable to the value of 1.14
reported previously®® for a set of nonpolar halogenated and
non-halogenated hydrocarbon compounds. Use of eq 6
improves the robustness of the implementation of the non-
linear regression of eq 4. However, the value of # does not
otherwise affect the results of the elution model.

Fitting the GCxGC Elution Model with Measured
Retention Times of “Calibration Analytes”. To adapt the

elution model to a particular GCxGC instrument program, the
user optimizes the three calibration parameters (a;, @, and a;)
by a non-linear regression of eqs 3 and 4 that minimizes the
sum-of-square of the deviations (€;; and €;,) between the
fitted and theoretical values of L, ; and L, ; for a set of known
analytes. By tuning @), a,, and a; to optimized values, the user
calibrates the elution model to a particular GCxGC instrument
program (i.e, oven temperature program, inlet pressure
program, and column dimensions). To test the calibration
procedure, we employed previously reported” two-dimensional
retention time data for 56 hydrocarbon standards which had
been measured experimentally using two different sets of
GCxGC instrument conditions, referred to as method A and
method B (see Sections S7 and S8). We refer to these known
chemical structures as “calibration analytes” (Table S1), which
spanned the n-C, to n-C,, elution window and encompassed:
1S n-alkanes (nP class), 10 linear alkyl cyclohexanes (mN
class), 11 linear alkyl benzenes (mAr class), biphenyl and S
alkyl-substituted naphthalenes (dAr class), 11 parent and alkyl-
substituted >3-ring polycyclic aromatics (polyAr class), tetralin
(NmAr class), decalin (dN class), and acenaphthene and
fluorene (NdAr class).

Simulation of the GCxGC Retention Times of Hydro-
carbons in the Library with the Calibrated Elution Model.
We applied the theoretical L, and L, values (obtained in Step
2) of the 15,495 hydrocarbons to the elution model that was
calibrated in Step 4. This enabled a prediction of two-
dimensional retention times for the hydrocarbons, assuming
the GCxGC instrument conditions used in the trial calibration.
We predicted the first-dimension retention time of each
analyte i by rearranging eq S1 to obtain the following:

vt (N - N*)(tl N+1 th) (7)

where N is determined by inverting eq 3 (shown by eq S3),
N* represents the (integer) carbon number of the n-alkane
that would elute just prior to the analyte, and £ 5 and ¢y, ,
represent the measured retention times of the n-alkanes that
elute immediately before and after analyte i, respectively. We
predicted the second-dimension retention time of each analyte
i by rearranging eq 4:

tpred — t

tpred =a, + (t;k _ as)1O(long_l(lzrc)—0.2613M*+0.557) )
where t§, is determined by eq S2, using values of ¢, ; obtained
by eq 7.
B RESULTS

Trial Calibrations of the Elution Model with Two
GCxGC Instrument Methods. In two-candidate trial

https://doi.org/10.1021/acs.est.2c06922
Environ. Sci. Technol. 2022, 56, 17913—-17923


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c06922/suppl_file/es2c06922_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c06922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

T T T T

12

A

T T T T T

i
° ;

= o1 polyAr 10 Q\Aff .
£ %% ® s Z/A 4
= sl 8 ]
= 4", %4
S NdAr & 2
5 6 6 1
D
o o—=aA
€ 4l mAr al N o2 |
8 g mN 2% g AR R R R RR R a
2 -} ) 0O O K
mz,dNroﬁ%QA R N N e S
G ,
QA% nP % % QR @ @@@@0
0 : : : : 0 : : ' : : .
0 50 100 150 200 0 20 40 60 80 100 120 140

15t Dim. Retention Time (min)

15t Dim. Retention Time (min)

Figure 2. Fit of the elution model with measured GCxGC retention time data for 56 calibration analytes spanning the n-C,y—n-C,, elution window.
Triangles depict measured retention time data. Circles show elution model retention times after the calibration procedure. Line segments connect
the measured and modeled values of each individual calibration analyte. Symbol color corresponds to chemical class (Table S1), annotated in Panel
A. See Methods for chemical class abbreviations. (A) Instrument method A. (B) Instrument method B.

calibrations, we adapted the elution model to each of two
different instrument methods (A and B) based on previously
reported experimental two-dimensional retention time data (¢t
and t,) for 56 calibration analytes (Table S1). By applying non-
linear regression to the elution model eqs 3 and 4, we
successfully optimized the calibration parameters, @, a,, and
a; (Table 1), finding robust model calibrations for both
instrument methods A and B (see Section S9). The calibrated
elution model largely captures the variability in the
experimental two-dimensional retention time data for the 56
calibration analytes, producing squared correlation coeflicients
of ¥ > 0.99 for first-dimension retention times and r* > 0.95
for second-dimension retention times (Table 1). The
calibration results further confirm that the model can flexibly
mimic the experimentally observed distortion in the overall
elution pattern that arises in instrument method A versus
method B (Figure 2).

The elution model correctly predicts the experimentally
observed separation of the calibration analytes into clusters of
different hydrocarbon classes (Figure 2). The model also
correctly assigns the region in which each analyte is expected
to elute: the modeled retention time values of calibration
analytes exhibited root-mean-squared-errors (RMSEs) of 2.6—
4.3 min in the first dimension and 0.50—0.63 s in the second
dimension, with respect to the corresponding experimental
values (Table 1). These RMSE values represent relative errors
of 2.1-2.2% in the first-dimension retention time and 5.8—
7.6% in the second-dimension retention time. The model
accuracy does not match the resolving power of the GCxGC
instrument: for example, the model does not always correctly
predict the elution order of well-resolved but near-neighboring
analytes. However, the trial calibrations suggest that the elution
model may successfully differentiate groups of analytes by their
class and carbon number.

Among the calibration analytes, the elution model goodness-
of-fit varied according to the type of chemical structure: the
lowest deviations in second-dimension retention time (t,) were
found for analytes of the nP, mN, and dN classes and linear
alkyl benzene (mAr class), whereas larger deviations arose for
analytes of the dAr, polyAr, NmAr, NdAr classes, and
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hexamethylbenzene (mAr class). This outcome arises partly
because the model regression of a; minimizes the residuals of
log L, values, which are related to f, values by the
transformation shown in eqs 4 and 8. Consequently, the
best-fit model tolerates larger residuals (on average) for
analytes having higher t, values than those with lower ¢, values.
We justify this implementation by the fact that we desire better
accuracy for the t, values of the less-polar classes (which
exhibit low t, values) than the more-polar classes (which
exhibit higher t, values), since the less-polar classes exhibit
tighter separation in practice. In addition, we anticipate that
the elution model may predict the retention times of
structurally simple compounds (e.g, mono-cyclic, single-
substituted) more accurately than those of structurally complex
compounds (e.g., multi-cyclic aromatic, multiple-substituted)
based on the limitations of the UFZ-LSER tool, which was
used to estimate the model input parameters L, and L,.
Members of the iP, polyN, and NpolyAr classes were not
tested in these calibration trials due to lack of available data.
The elution model also has not been validated for C,s-Cy
hydrocarbons.

Finally, we can verify that the model-fitted values of the
calibration parameters, @;, a, and a; appear physically
reasonable (Table 1). The values of @, and a, are well-
constrained, and they represent the slope and intercept of the
expected positive linear relationship between the log L, value
of the analyte and the carbon number of a hypothetical n-
alkane (N#*) that would elute with the same first-dimension
retention time (eq 3). The GCxGC instrument method A
produced calibrated values of a; and @, that are similar to
those found for instrument method B, consistent with the
expectation that the relationship between log L; and N} should
not depend strongly on the choice of first-dimension
temperature ramp (which differs by X2.3 between the two
instrument methods).

The third elution model parameter, @; represents the
elution model’s estimate of the second-dimension hold-up
time, which is the duration of time required for the carrier gas
to travel from the thermal modulator to the detector. Previous
work has suggested that the observable column bleed line
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Figure 3. Simulated retention times of the hydrocarbon library with GCxGC instrument method A. (A) Black points depict predicted retention
times of the 15,447 hydrocarbons in the constituent library that elute after 2 min, forming a characteristic triangular elution pattern. Red circles
show model-fitted retention times of the chemical structures representing the S6 calibration analytes. (B) Predicted retention times of the 15,447
hydrocarbons with simulated first-dimension elution times >2 min, color-coded by hydrocarbon class and annotated. See Methods for chemical
class abbreviations. (C) Same as panel B, color-coded by carbon number and annotated. (D) Predicted retention times of the hydrocarbons that
represent the C,, constituents of the library, color-coded by hydrocarbon class and overlaid with polygons, which illustrate the elution regions of

the 10 HCBs containing >3 structures (Sections S10 and S11).

provides a reasonable indicator of the second-dimension hold-
up time,” which is found to be valid for the region of the
chromatogram possessing second-dimension temperatures
exceeding perhaps 100—110 °C, for an apolar/polar column
combination.’* Therefore, we can refer to the original
chromatogram data and verify whether the observed location
of the column bleed line is consistent with the model-fitted
values of ;. For GCxGC instrument method A, the elution
model constrains an a; value of 0.0 + 0.1, which appears
physically unreasonable. However, this result is precisely
consistent with the fact that the analyst chose to artificially
offset the second-dimension retention times of the entire
chromatogram by a constant value (also called “rotating” the
second-dimension retention times), intentionally setting the
observed column bleed line at ¢, = 0, after the chromatogram
data were obtained with instrument method A.” For instru-
ment method B, the analyst did not intervene with the
chromatogram, and the originally produced second-dimension
retention time data were available. In this case, the elution
model calibration finds a; = 1.0 & 0.1, which is reasonably
consistent with the observed location of the column bleed line
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of 1.2 s throughout the part of the chromatogram having first-
dimension retention times of >30 min (we neglect
consideration of the initial 30 min of analysis, during which
second-dimension elution temperatures ranged from 70 to 108
°C and the column bleed exhibited longer retention times of
1.3—1.7 s). Although the current version of the GCxGC
elution model represents the hold-up time as a constant
parameter, it is also possible to implement the hold-up time as
a time-varying function based on experimental data or other
considerations,” if such flexibility becomes needed.
Simulated GCxGC Chromatograms of the Hydro-
carbon Library. After calibration, we employed the elution
model to extrapolate the retention times of the entire
hydrocarbon library, by applying the UFZ-LSER-estimated L,
and L, values to the calibrated model equations (eqs 7 and 8,
Figure 3, and Sections S3 and S10). In this way, we obtained
simulated GCxGC retention time values for 15,447 of the
15,495 available hydrocarbons with instrument method A, and
for 15,455 hydrocarbons with method B. The remaining 40—
48 hydrocarbons were predicted as chromatographically
unretained because they exhibited predicted first-dimension
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Figure 4. Simulated and observed GCxGC elution patterns of individual petroleum products using instrument method A. (A) Simulation of a
diesel fuel amended with the 56 calibration analytes, based on reported Concawe HCB data for a diesel fuel.>* The retention time of each simulated
constituent is plotted as a white filled circle; the size of the symbol is approximately scaled by the reported concentration of the HCB containing
that constituent. (B) Experimental GCxGC-FID chromatogram of a different diesel fuel sample amended with the same 56 standards, reported
previously,” which can be compared with panel A. (C) Simulation of a paraffin wax, based on Concawe HCB data.** (D,E) Simulations of two
different kerosene products, based on Concawe HCB data.>* (F) Simulation of a lubricant base oil, based on Concawe HCB data.**

retention times of <2 min, which would typically imply poor decane, according to the predicted L, values of the UFZ-LSER
separation and overlap with injected carrier solvent during a tool (the experimental #; 4 o value was 8.75 min for GCxGC
real GCxGC analysis. These unretained constituents were instrument method A). It is possible to devise other instrument
composed entirely of C,, isoparaffins, which would exhibit a programs that successfully retain and separate these com-
low affinity to the first-dimension stationary phase relative to n- pounds.
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The elution model enables an unprecedented theoretical
prediction of the GCxGC chromatogram for hydrocarbons
spanning C;, to Cs, (Figure 3 and S3). The simulated
hydrocarbon library produces a characteristic triangle-shaped
elution pattern resembling the GCxGC chromatogram of a
typical light crude oil or middle distillate. Each class of
hydrocarbons leads to a banded distribution of simulated
retention times in the second dimension, consistent with the
well-known observation that GCxGC produces structured
chromatographic separations arranged by the chemical class.
The simulated members within each class are further separated
by carbon number along the first dimension, which is also
consistent with experimental observations. The simulations of
the hydrocarbon library suggest that the elution model could
reasonably differentiate groups of hydrocarbon analytes by
their class and carbon number, which is a precondition for
allocating petroleum analytes to HCBs in real samples.

The simulated elution bands qualitatively resemble the
trends and ordering of reported experimental elution bands of
the nP, iP, mN, mAr, NmAr, dN, dAr, polyN, and polyAr
classes, in the GCxGC chromatogram. However, these banded
distributions are more broadly dispersed for some classes than
for others. The elution model predicts that acyclic and mono-
cyclic saturate classes (nP, iP, and mN) form successive tight
elution bands in the early second dimension, comparable to
experimentally observed elution bands for these
classes.”'"'®?! Noisier bands of the dN, mAr, and polyN
classes appear later in the second dimension, overlapping with
broadly dispersed bands of the NmAr, dAr, NdAr, polyAr, and
NpolyAr classes, according to simulations. These trends appear
qualitatively consistent with the reported ordering of
experimental GCxGC elution patterns of saturated, naph-
thenic, and aromatic hydrocarbon classes, >3 L1821 i clud-
ing the iP and polyN classes (which encompass many
biomarkers), which were not represented in the model training
set. Exceptionally, we did not find literature data on the
observed elution behaviors of members of the NpolyAr class.
Finally, we observe that polyaromatic hydrocarbon structures
possess widelgr varying magnitudes of molecular polarizability
and polarity,™ which causes the polyaromatic hydrocarbons to
become widely dispersed in the simulated GCxGC chromato-
gram, consistent with experimental observations. By compar-
ison, the elution model predicts that hydrocarbon classes
lacking aromaticity form much tighter elution bands, also
consistent with experimental results. Overall, these findings
inspire confidence that the elution model may improve efforts
to locate and quantify poorly characterized classes, such as
naphthenic constituents that are difficult to separate and
identify.

Modeling GCxGC Elution Patterns of Individual
Petroleum Products. We simulated the GCxGC elution
patterns of individual petroleum product samples, by
projecting previously reported HCB compositional data>
onto the hydrocarbon library. We compared a simulated diesel
fuel (which we amended with the 56 calibration analytes;
Figure 4A) to a previously reported GCxGC chromatogram® of
an experimentally-analyzed diesel fuel amended with the same
56 standards (Figure 4B). The HCBM data used to populate
the simulated diesel fuel composition are derived from a diesel
product that was different from the experimentally analyzed
diesel sample, yet the simulated and experimental elution
patterns exhibit reasonable visual agreement with one another.
This example illustrates how we can use the elution model to

predict the GCxGC chromatogram of a hypothetical product
in the absence of available experimental GCxGC data, based
on known or inferred HCB data. In further simulations, we
employ the reported HCBM data from other product
samples* to predict and visualize the GCxGC elution patterns
of a paraffin wax, two different kerosene products, and a
lubricant base oil (Figures 4C—F). The simulated elution
patterns of the latter four products could not be compared to
the original experimental GCxGC data, which were unavail-
able. These examples illustrate the remarkably diverse
compositions of these petroleum products, as judged by their
simulated chromatograms. The results also support the
expectation that analysts could employ the elution model to
meaningfully interpret the compositional information in
experimental GCxGC chromatograms of real petroleum
products.

Bl DISCUSSION AND IMPLICATIONS

The risk assessment community lacks cost-effective and
systematic tools to interpret petroleum substance compositions
in commercial products and environmental samples. The
present work addresses this need by establishing a relationship
between GCxGC retention time and hydrocarbon structure.
The members of each hydrocarbon class separate into distinct
bands along the second dimension of the simulated chromato-
gram, and members within each class are further separated by
carbon number along the first dimension. Hydrocarbon class
and carbon number information exhibit pronounced associa-
tions with retention time in the simulated GCxGC chromato-
gram. These relationships could be empirically encoded with
nonparametric data analysis methods such as kernel density or
nearest-neighbor algorithms.*>*® The present work thus offers
a means to broadly estimate the chemical class and carbon
number of the analyzed petroleum substance constituents
based on their GCxGC retention times. When further
employed with GCxGC coupled to time-of-flight mass
spectrometry, the elution model could enable a powerful
three-pronged approach to interpret analyzed constituent
structures based on two-dimensional retention times and
mass spectral information. These innovations can broadly
advance in silico capabilities to interpret petroleum substance
compositions by GCxGC analysis, which is otherwise costly
and reliant on expert judgment.

By creating a path to estimate hydrocarbon class and carbon
number information throughout the GCxGC chromatogram of
a petroleum substance, the present work provides a technical
basis to allocate experimental analytes to HCBs. This capability
would enable experts to apply the HCB method to
environmental samples, which is currently not possible,
thereby opening opportunities to evaluate the environmental
properties of HCBs. A transparent HCB method would also
permit experts to develop representative constituent compo-
sitions for HCBs and assess similarities among constituents
within HCBs, which are needed to address regulatory
requirements. Such efforts are currently confounded by the
non-transparency of the existing proprietary HCB methods. By
contrast, the elution model forges a transparent and
reproducible path to HCB delineation, which is better suited
to risk assessment.

These new capabilities would prove especially useful to
investigate the poorly characterized fractions that degrade
slowly in the environment, such as the naphthenic, naphthenic-
aromatic, and substituted-aromatic constituents. Previous
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studies have characterized the biodegradation behaviors of
thousands of petroleum substance analytes by GCxGC,****
but the investigators lacked methods to determine the analyte
identities. With a systematic basis to interpret the composi-
tional information in the GCxGC chromatogram, we can
better elucidate the broad spectrum of compositional changes
affecting petroleum substances during biodegradation. This
would address a critical information gap in ongoing efforts to
assess the environmental persistence properties of petroleum
substances, including the development and testing of
biodegradation prediction models.””

The present work formalizes the relationship between
UVCB constituent libraries and GCxGC analysis. The elution
model provides a unique capability to predict the GCxGC
chromatogram data for hypothesized constituents or sub-
fractions of petroleum substances. Comparable laboratory
experiments would be infeasible, because currently it is
impossible to physically separate or concoct most of the
individual constituents found in petroleum substances. By
enabling comparisons between simulated compositions and
experimental GCxGC chromatogram data for petroleum
substances, the elution model provides a unique avenue to
support the development and validation of UVCB constituent
libraries. This represents an opportunity to advance risk
assessment technology for UVCBs: regulatory agencies and
industry are developing large libraries that contain thousands
of hypothetical constituents to support UVCB risk assessment,
but limited means are available to validate the realism of these
libraries. In this regard, the GCxGC elution model is not
restricted to hydrocarbons: it can be applied to any GCxGC-
amenable chemical structure that falls within the model
domain of the UFZ-LSER tool,*""** including structures that
contain heteroatoms.”***

Finally, this initial version of the elution model is an
intentionally parsimonious implementation, aiming to provide
robustness at the cost of predictive accuracy. Future efforts to
upgrade the model could include improved methods to
estimate the LSER parameters, expressions to represent
changes in the heat capacity gas-stationary phase transfer,
and expressions or data to represent possible changes in the gas
hold-up time® and improvements to the hydrocarbon library.
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B ABBREVIATIONS

UVCB unknown or variable composition complex
reaction products or biological materials

HCB hydrocarbon block

GCxGC comprehensive two-dimensional gas chromatog-
raphy

FID flame ionization detector

LSER linear solvation energy relationships

UFZ Helmholtz Centre for Environmental Research

SMILES simplified molecular-input line-entry system

nP normal paraffins

iP iso-paraffins

mN mono-cyclic naphthenes

dN di-cyclic naphthenes

polyN polycyclic naphthenes having >3 rings

mAr mono-cyclic aromatics

dAr di-cyclic aromatics

polyAr polycyclic aromatics having >3 rings

NmAr naphthenic mono-cyclic aromatics
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NdAr naphthenic di-cyclic aromatics

NpolyAr naphthenic polycyclic aromatics

SE-30 100% dimethylpolysiloxane (Agilent)

Oov-17 50% diphenyl 50% dimethylpolysiloxane (Ohio
Valley)

SGE BPXS0 50% phenyl polysilphenylene-siloxane (Trajan)
RMSE root mean squared error
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