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Abstract

In the process of registration of substances of Unknown or Variable Composition, Complex
Reaction Products or Biological Materials (UVCBs), information sufficient to enable substance
identification must be provided. Substance identification for UVCBs formed through petroleum
refining is particularly challenging due to their chemical complexity, as well as variability in
refining process conditions and composition of the feedstocks. This study aimed to characterize
compositional variability of petroleum UVCBs both within and across product categories. We
utilized ion mobility spectrometry (IMS)-MS as a technique to evaluate detailed chemical
composition of independent production cycle-derived samples of 6 petroleum products from 3
manufacturing categories (heavy aromatic, hydrotreated light paraffinic, and hydrotreated heavy
paraffinic). Atmospheric pressure photoionization and drift tube IMS-MS were used to identify
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structurally related compounds and quantified between- and within-product variability. In addition,
we determined both individual molecules and hydrocarbon blocks that were most variable in
samples from different production cycles. We found that detailed chemical compositional data on
petroleum UVCBs obtained from IMS-MS can provide the information necessary for hazard and
risk characterization in terms of quantifying the variability of the products in a manufacturing
category, as well as in subsequent production cycles of the same product.

Introduction

Crude oil refining involves complex physical and chemical processes such as distillation,
cracking, isomerization, reforming, alkylation and hydrodesulphurization, ultimately
yielding petroleum products of certain performance characteristics that are subsequently
used for a variety of applications [1, 2]. Because of the chemical complexity and
variability of the oil feedstocks, as well as differences in the refining process conditions
within and across manufacturing sites, it is expected that the types and quantities of
hydrocarbons and other constituents present in downstream products may vary both within
and between manufacturers, even for the same refining processes and products [3]. This
inherent compositional complexity and variability of petroleum substances, products that
fall into the class known as substances of unknown, variable composition, complex reaction
products, or biological materials (UVCBs), presents unique challenges for their registration
and evaluation [4, 5]. Current naming conventions and grouping of petroleum UVCBs

into manufacturing categories is based on the information on their general composition
such as carbon chain length and boiling point ranges, other physicochemical properties,
performance characteristics, and proposed use(s) [2, 4]. While Chemical Abstract Service
(CAS) and European Inventory of Existing Commercial Chemical Substances (EINECS)
identifications have been assigned to petroleum products, they are further grouped into
broad manufacturing categories for registration and regulatory evaluation [6]. The existing
nomenclature for petroleum UVCBs, either for the individual product identifiers or for broad
manufacturing categories, is deemed generally sufficient for the purpose of naming and
identification of these products [2, 4, 5].

Once identified, petroleum substances must be registered following the laws and regulations
of the jurisdiction where they are to be manufactured or used. The European Union

REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) regulation
[7] specifies human health and the environment hazard data requirements that must be met
before authorization is given for their use. Most petroleum UVCBs have considerable data
gaps that need to be addressed in the process of registration either through additional testing
or read-across to another substance, or other members in a group of substances, that have the
requisite information for registration purpose [8]. Recent proposals for grouping of “similar”
petroleum UVCBs into manufacturing categories, in part based on the “broadly similar
[chemical] composition,” have been questioned by the regulatory bodies as suitable for
read-across, such as the European Chemicals Agency (ECHA). Concerns were raised about
the strength of the justification for the proposed grouping and read-across [9]. Recently, the
European Commission has amended Annex XI of REACH clarifying that for the application
of read-across/grouping, “structural similarity for UVCB substances shall be established
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on the basis of similarities in the structures of the constituents (...) and variability in the
concentration of these” [10]. Indeed, the chemical variability in petroleum products is one
well-appreciated concern, because petroleum substances “are UV CBs and are manufactured
to specifications based on performance characteristics rather than chemical composition,
analysis of the same substance manufactured in the same location at different times could
show a considerable variation in composition’ [11].

To address the challenge of quantifying the variability of the petroleum UVCBs, a number
of analytical approaches have been used to characterize their composition ranging from
physicochemical analyses to detailed mass spectrometry (MS)-based methods [3, 11].
Despite recent advances in petroleomics including novel high-resolution (HR) MS methods
[12], the ability to thoroughly assess the chemical composition of petroleum UVCBs,
including the analysis of isomeric species, in the context of REACH has yet to be shown
due to the similarity of the hydrocarbon components (/.e., presence of isomeric species). In
addition, the incomplete understanding of variability (7.e., among samples from independent
production cycles) represents a key barrier to the application of read-across between
products in the same category, as any quantification of substance-to-substance similarity
must be informed by within-substance variability. Accordingly, we set out to quantify both
within- and between-product variability for representative petroleum UVCBs. We used
both gas chromatography (GC)-MS and ion mobility spectrometry (IMS)-MS techniques,
because recent studies have demonstrated the utility of IMS-MS for determining the
composition of petroleum UVCBs [13-17]. We identified structurally related hydrocarbon
and heteroatom compounds, examined hydrocarbon blocks, and characterized within-
product variability.

2. Methods

2.1. Samples of petroleum products.

A total of six refined petroleum products (Table 1) were used in this study. For evaluation,
we selected three products from three broad manufacturing categories of “Solvent naphtha,
heavy aromatic products” (marked as AR) and “Petroleum distillates, hydrotreated [light
or heavy] paraffinic” (marked as BO). Sample selection was meant to be representative

of a wide range of expected chemical complexity of petroleum UVCBs. For each

product, samples were obtained from 2—3 independent production cycles at the same
refinery (samples were collected 2—3 months apart), resulting in a total of 16 samples
(Supplemental Table 1). For GC-MS analyses, samples were weighed and dissolved in
dichloromethane (CAS no. 75-09-2, catalog no. 34856; Sigma-Aldrich, St. Louis, MO) to a
final concentration of 1 mg/mL. For the IMS-MS analyses, 1 mg of each sample was first
dissolved in 9 mL of 1:1 (v/v) mixture of toluene (CAS no. 108-88-3, catalog no. 34866;
Sigma-Aldrich) and methanol (CAS no. 67-56-1, catalog no. 34860; Sigma-Aldrich). Next,
25 L of the solution was mixed with 300 pL of the same mixture of toluene and methanol
and injected directly.
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2.2. GC-MS instrumental analysis and data processing.

The modified United States Environmental Protection Agency (US EPA) method 8270 was
carried out in full scan analysis mode using an Agilent 7890 GC (Agilent Technologies,
Santa Clara, CA) interfaced with a Hewlett-Packard (HP) 5976 MS. Additionally, a HP-5ms
Ultra Inert Column (30 m x 0.25 pm x 0.25 mm,; catalog no. G3900-63001; Agilent
Technologies) was used to chromatographically separate the petroleum hydrocarbons.
Instrumental operating conditions were as follows: mass range 40 to 500m/z, splitless
injector, injection volume of 2 uL, column flow 1 mL/min, helium carrier gas. Initial
temperature of the injection port was held at 250°C. The oven was initially set to 50°C with
a hold time of 4 min; then, the oven was programmed at a rate of 6°C/min until it reached
the final holding temperature of 300°C with a final hold time of 20 min. Individual full-scan
total ion chromatograms for each sample were processed using ChemStation Data Analysis
Software (Agilent). Raw data consisted of 10,127 scans at 1 atomic mass unit (amu) bins
from 40 to 500 amu. Data for each amu bin across all scans was averaged and the final

data matrix consisted of an average abundance value for each amu bin for one sample. The
data for 16 samples were combined into a two-dimensional data matrix of mass range versus
average fragment ion intensities. See Supplemental Table 2 for the resulting GC-MS data
matrix and Supplemental Figure 1 for the GC-MC chromatograms for each sample.

2.3. IMS-MS instrumental analysis and data processing.

For the IMS-MS analyses, we utilized an Agilent Technologies G6560A platform coupling
drift tube IMS (resolving power (RP) ~ 60) and a quadrupole time-of-flight (QTOF) mass
spectrometer (RP ~ 25 000). In all experiments, the drift tube was filled with nitrogen

gas and the samples were ionized with an atmospheric pressure photoionization (APPI)
source (model G1917C; Agilent Technologies). The instrument was calibrated prior to
running samples according to the Agilent protocol for 50-1,700 //z range, using the
atmospheric pressure chemical ionization (APCI)-L Low Concentration tuning mix solution
(part #G1969-85010, Agilent Technologies). The petroleum samples (200 uL) were then
infused directly at a flow rate of 50 uL/min, and analysis included three technical replicates
for each sample. Instrumental and source parameters were as follows: APPI positive ion
mode, sample analysis time 1.5 min; source parameters: gas temperature 325 °C, vaporizer
350 °C, drying gas 10 L/min, nebulizer 30 psi, VCap 3000, fragment 400 V, 110 RF

Vpp 750. The following acquisition parameters were defined for each instrumental run:
mass range 50 to 1700 m/z, frame rate 1 frames/s, IM transient rate 18 transients/frame,
maximum drift time 60 ms, time-of-flight transient rate 600 transients/IM transient, trap fill
time 20 000 ps and trap release time 300 ps. QTOF parameters were as follows: firmware
Ver 18.723, Rough Vac 2.71 torr, Quad Vac 3.68 x 107° torr, TOF Vac 3.47 x 1077 torr,
drift tube pressure 3.940 torr, trap funnel pressure 3.790 torr, chamber voltage 5.96 A,
and capillary voltage 0.076 pA. Data were obtained using the MassHunter Acquisition
software (Agilent; ver. 08.00). Each sample was analyzed in triplicate in three independent
experimental batches using the instrument and setting as detailed above. Two of these
experiments were conducted at Texas A&M University on separate days (about 1 month
apart) by different individuals. One of the experiments was conducted at North Carolina
State University. These replication studies were using the same model IMS-MS instrument
and experimental conditions, but were conducted by three different individuals.
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IMS-MS raw data files from each instrumental run were processed using MassHunter
Browser Acquisition Data software (Agilent Technologies, ver. 08.00) to derive nitrogen
gas-filled drift tube collisional cross section (°TCCSy») values for all detected features
[18]. In this manuscript, a feature is defined as a potential molecule’s isotopic envelope

and by having both MS and IMS dimensions, all isotopes must occur at the same IMS

drift time. Next, data files for all samples and their respective technical replicates (16
samples x 3 technical replicates = 48 files) were uploaded to Agilent MassProfiler software
(Agilent Technologies, B.08.00) for feature alignment based on drift time (x5.0%) and
mass (x15ppm+5mDa). Finally, aligned raw data matrices for each experimental batch
(Supplemental Table 3) were filtered to select features with abundance >5,000 in two

out of three technical replicates for each sample. These filtered data (Supplemental Table
4) include information on the constituents present in high abundance that would be of

most relevance with regards to hazard evaluation of petroleum UVCBs [19]. The filtering
parameters were selected based on the general consideration of the presence of 13C isotopic
partner for individual features and previous data analyses [17] that showed erosion in
confidence for molecular formulae assignments for the features of low abundance; however,
alternative thresholds may be selected using the datasets provided in Supplemental Table 3.

After alignment and filtering as detailed above, the data (Supplemental Table 4), including
technical replicates (n=3), was used for feature identification using an IMS-MS data
processing workflow detailed elsewhere [17]. Briefly, each feature was cross-referenced

to a PTCCSy, standard library containing a number of hydrocarbon standards [20]. Features
were deemed matching to a molecule in the database at a P°TCCSy; tolerance of 1% and
an my/ztolerance of £5 ppm and +2 mDa. Then, the Kendrick Mass Defect (KMD) was
calculated for each feature using base units of CH, (14.01565) and H (1.00783) to identify
features that fall into homologous series (KMD-CH,, of +1.00 parts per thousand, ppt). Next,
the elemental composition was assigned to each feature if it was in homologous series using
the PTCCSy, library matched features as reference points, as well as based on the KMD-H
analyses as detailed in [17] (Supplemental Table 5). Carbon chain length and double bond
equivalency (DBE) of each feature were calculated from the elemental composition [21].
Based on the elemental formula and other properties, each feature was assigned a carbon
chain length and hydrocarbon class.

2.4. Data analysis.

We reasoned that quantifying overall similarity among samples would be instructive to
illustrate the informativeness of the data. Thus, the GC-MS and IMS-MS data matrices

of all samples (Supplemental Tables 2-4) were used for hierarchical clustering [22] based
on Spearman correlation and average linkage using the Ac/ust package in R Studio (ver.
R-4.1.0). The correlation among samples was then visualized in a dendrogram. In order to
assess the similarity between clusters, the Fowlkes-Mallows (FM) index [23] was used to
evaluate the concordance of experimental data-derived clustering to that of the pre-defined
manufacturing categories, products, independent production cycles, and technical replicates
of each sample. The technical replicates and independent production cycles were considered
as separate instances of the same substance, and the FM index was compared between the
pre-defined categories and the hierarchical clustering having a number of clusters equal
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to the number of manufacturing categories, using the cuttree command on the clustered
tree. FM index values can range from 0 (no correspondence) to 1 (perfect correspondence).
Principal components analysis (PCA) was carried out to evaluate similarity between the
products and samples using the prcomp and ggplot packages in R Studio (4.1.0) and based
on characterized features, carbon chain length, hydrocarbon class and heteroatom species.
For analysis at the individual ion level (/.e., full dataset of 55,466 features), the differences
in abundance of each feature in samples from the independent production cycles were
quantified as the maximum of the absolute value (if at least 3 samples were available) of
the fold change difference when comparing across all pairs of samples from independent
production cycles. For each feature, a p-value for variability was assessed by a one-way
analysis of variance, using production cycle as a factor. Correction for multiple comparisons
across features was performed using the Benjamini-Hochberg g-value computed in R using
p.adjust (Supplemental Table 6). For the analysis at the level of carbon chain length,
hydrocarbon class and heteroatom profile, the variability in chemical composition among
samples of independent production cycles was evaluated based on the relative abundance
of the molecules in each aggregated set of features using two-way ANOVA with Sidak’s
multiple comparison test (GraphPad Prism 9.0, San Diego, CA) followed by the Bonferroni
correction [24].

3. Results

This study evaluated 16 samples of 6 oil refining-derived products that fall into three broad
manufacturing categories of petroleum UVCBs (Table 1). We began by analyzing samples
using conventional GC-MS technique. Figure 1A shows superimposed GC-MS full-scan
chromatograms for representative samples of each product (see Supplemental Figure 1 for
the similar chromatograms of each sample). These data clearly demonstrate the difference
among samples from diverse manufacturing categories and the “cuts” of hydrocarbons
varied considerably among samples as evidenced by the retention time differences. The
“solvent naphtha (petroleum), heavy aromatic” products AR150 and AR200 were readily
separated by GC-MS. The “distillates (petroleum), hydrotreated” light (BO60), or heavy
(BO100, BO220 and BO600) products were more complex as they yielded characteristic
unresolved complex mixture (UCM) “humps” on the GC-MS chromatograms. To visualize
the similarity among products in the GC-MS data, we used the data matrix of averaged
intensities for each of the amu bins (from 40 to 500 amu) to conduct unsupervised
hierarchical clustering analysis. Figure 1B shows that samples from independent production
cycles of the same product clustered together, except for one BO220 sample (production
cycle 1). Moreover, solvent naphtha samples and the hydrotreated paraffinic distillate
samples also formed distinct groups commensurate with their manufacturing category and
CAS# groupings (Table 1). Samples of product BO60 from independent production cycles
were most dissimilar to each other, yet they still clustered into their own group. Based

on GC-MS data, the concordance in the clustering of the samples, as compared to pre-
determined manufacturing category assignments for each sample, was modest (FM index of
0.49).

Samples were next analyzed using the IMS-MS platform. Figure 2 shows representative
two-dimensional nested spectra for representative samples of each product where they are
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plotted by m/z (x-axis) and drift time (y-axis, parameter used to calculate PTCCSy;) with
feature abundance represented by color intensity. Supplemental Figure 2 shows IMS-MS
nested spectra for each sample analyzed. These plots illustrate the differences in both
complexity (total number of features) and changes in m/zand structural sizes (IMS) of the
individual constituents in the samples. For example, samples of solvent naphtha (petroleum)
heavy aromatic products AR150 and AR200 contained compounds in the mass range of
50-400 m/z. The hydrotreated distillates light (BO60) product contained lower /m/zrange
species as compared to the hydrotreated distillates heavy (BO100, BO220 and BO600)
products that spanned a mass range of up to 700 m/Z.

Unsupervised hierarchical clustering utilizing /7/z, PTCCSy;, and feature abundance data
from the IMS-MS analyses was then used to compare composition similarity among

the samples. For these analyses, both the full data matrix (Supplemental Table 3) and
filtered (i.e., most abundant features) data was assessed (Supplemental Table 4). Figure 3
illustrates the full and filtered abundance dendrograms where the technical replicates were
averaged for the analyses. When the full IMS-MS data was used (Supplemental Table

3A), samples from independent production cycles of the same manufacturing category
clustered together resulting in three main clusters. For example, samples of BO60 product
clustered closer to the AR150 and AR200 products and not with the other products (BO100,
B0O220 and BO600). Additionally, the concordance in sample clustering for pre-determined
manufacturing category assignments was excellent (FM index of 1.0). When the IMS-MS
datasets were filtered for only highest abundance features (Supplemental Table 4A), similar
clustering was observed, and the FM index for this analysis was also 1.0. Furthermore, when
technical replicate samples were included in these analyses, similar results were obtained
(Supplemental Figure 3). Specifically, technical replicates of each sample clustered together,
and then with the samples from different production cycles for each product, and finally with
other products within a manufacturing category.

Our next assessment was to determine how well petroleum UVCBs group using IMS-MS
data obtained in independent experiments by distinct operators and in a different laboratory.
For these studies, the samples were analyzed at Texas A&M on the same instrument

but by a different operator and then at NC State University by another operator and
instrument, but the same model of IMS-MS platform (G6560) and an identical experimental
protocol. In all cases, samples were prepared independently from the neat stocks of

each product (see Methods) before each instrumental analysis. Abundance-filtered data
(Supplemental Table 4), where technical replicates were averaged, were used for the
following comparisons. Irrespective of the laboratory or operator, strong correlation between
samples from independent production cycles was evident as products clustered within their
manufacturing category and CAS# (Figure 4 and Supplemental Table 7). The FM index
values for clustering were 1.0 for two experiments (Figures 4A-B) and 0.86 for the third
one (Figure 4C). These results indicate high reproducibility of the IMS-MS technique for the
analysis of similarities in samples of complex-compasition petroleum UVCBs.

While clustering using multidimensional data from untargeted IMS-MS is useful to establish
the overall similarity of the samples for the purpose of substance identification [16], this
information may not be adequate for product registration because it does not provide
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sufficient detail on the chemical composition of each sample. To address this challenge,

we identified structurally related compounds [17] in analyzed petroleum products to obtain
molecular formula assignments to the high abundance features. Because each of three
independent IMS-MS experiments (Figure 4) yielded similar clustering of the samples,
filtered IMS-MS data from one of the experiments was used herein (Supplemental Table
4A). Molecular formulas for each feature in the 16 samples are provided in Supplemental
Table 5. Similar to our previous findings of analysis of refined products or crude oils [17],
we were able to assign molecular formulas to 93% of the high abundance features across all
samples.

Because the composition of petroleum UVCBSs is typically presented using the hydrocarbon
block method which groups closely related compounds by their carbon chain length and
hydrocarbon class [25, 26], we used the assigned molecular formulas and other information
from the KMD analysis (/.e., homologous series and double bond equivalence) to aggregate
the data into hydrocarbon blocks (Supplemental Table 8). We also determined whether any
of the identified molecules were heteroatoms (Supplemental Table 9). With these data, we
performed PCA to visualize the similarities between samples of independent production
cycles, as well as differences among products across manufacturing categories (Figure 5).
When all high abundance features with assigned molecular formulas (n=1,417, Figure5A)
or carbon chain length (Figure 5B) were used for the PCA, four groups were discernable in
the first two principal components. Group 1 and Group 2 distinguished between two heavy
aromatic products (AR150 and AR200), while Group 3 separated the light (BO60) and
Group 4 contained the heavy (BO100, BO220 and BO600) hydrotreated paraffinic distillate
products. Interestingly, the latter group appeared more homogenous even though it contained
samples from three different products. Additionally, samples from independent production
cycles were closely aligned to each other. The molecular formula-level data showed tighter
grouping between samples of the same product, while the data on hydrocarbon blocks
(Figure 5C) or heteroatom profiles (Figure 5D) allowed fewer distinctions among product
groups, there was wider separation between samples from production cycles.

To further evaluate the variability in petroleum UVCBs, we analyzed the relative abundance
of the molecules in hydrocarbon blocks or heteroatoms between samples from independent
production cycles of the same product (Supplemental Tables 8-9). Figure 6 shows an
example of this analysis for product BO220. Figures 6A-C show the relative abundance

of each hydrocarbon block, as well as total abundance for each carbon chain length and
hydrocarbon class. It is evident that while the overall ranges in carbon chain length and
hydrocarbon classes were largely concordant, the abundances of the constituents in each
hydrocarbon block varied. Significant differences were observed in most highly abundant
hydrocarbon blocks (Figures 6D-E). In addition, the relative proportion of O1-containing
heteroatoms was also significantly different between production cycles (Figure 6F).

Similar analyses were performed for each product and the quantitation of the variability is
presented in Figure 7. For the carbon chain length data (Figure 7A), product BO220 was
most variable in terms of the number and range of molecules that were significantly different
between production cycles. Even though product BO600 was equally complex in terms

of the overall range of hydrocarbons, only Css-containing molecules varied significantly
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between production cycles. Products AR150 and AR220 showed variability in about one-
third of the hydrocarbon blocks. Product BO60 showed no variability, and product BO100
showed variability in only a few blocks; however, there were only two samples available for
those products and therefore limited variability should be interpreted with caution. Similar
findings were observed with the hydrocarbon class data (Figure 7B). Most production
cycle-associated variability was found in mono-, di- and tri-aromatic compounds. For the
heteroatom data (Figure 7C), only products AR150 and BO220 showed variability with
0O;-containing molecules, these were the most abundant and variable heteroatoms.

Even though the analysis of within-product variability based on the hydrocarbon block
method has broad utility, such data are deemed insufficient in terms of satisfying the
regulatory need for “detailed chemical characterizatiorn” of petroleum UVCBs for product
registration purposes. Therefore, we also used the data on high abundance features to
characterize the variability between samples of each product that were derived from
independent production cycle. For this, we examined (i) the degree to which the individual
features varied between samples from different production cycles (/.¢e., p-values for each
molecule), and (ii) the average relative abundance of each feature in a product across
production cycles (Supplemental Table 10). Figure 8 shows the results of this analysis

for each product. The figure shows that the feature abundance threshold set during data
processing was concordant with the REACH Regulation threshold of 0.1% abundance for
constituents of concern in complex substances [27]. It is evident that there are hundreds

of constituents in each examined product that are present in quantities above 0.1%.

These included expected abundant amounts (5-10%) of naphthalene and related mono-
and di-aromatic hydrocarbons (Supplemental Table 11). However, few constituents were
significantly different between samples (using a cutoff based on the Bonferroni-corrected
p-value which was a false discovery rate of 5% corrected for the total number of features)
of the same product from independent production cycles. We found no constituents that
are both significantly different and reasonably abundant in products BO60, BO100 and
BO600, even though these products spanned the degree of complexity of the entire dataset
in terms of the number of high abundance features. Product AR200 had the largest number
of constituents identified as variable and abundant. To the contrary of the results with

a hydrocarbon block method data analysis (Figures 6—7), product BO220 only had 3
constituents above the variability and abundance thresholds, even though the total number of
constituents with suggestive significance was large. Product AR150 had only one constituent
above the thresholds. Table 2 lists the constituents for each product that were identified as
above the thresholds in Figure 8. A number of the constituents identified in these analyses
are currently listed by ECHA as Annex Il substances, which are substances predicted

to likely present health or environmental hazard [28]. One constituent in product AR200,
anthracene, a feature whose identity was identified using IMS-MS data from a chemical
standard, is identified by ECHA as a substance of very high concern.

4. Discussion

The analytical chemistry challenges in petroleomics are many [29, 30], and the potential
solutions range from well-established physicochemical and analytical methods [3, 11] to
novel HRMS techniques [12, 31-34]. However, there appears to be a growing chasm
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between the research-driven advances in HRMS for petroleomics, and the needs of the
practitioners in the industry and regulatory agencies. “Sufficient’ characterization of highly
complex petroleum UVCBs as products allowed into commerce and trade at various
economic areas, such as the European Union where REACH defines data requirements

[7], is a pressing regulatory need. As recently as 10 years ago, it was noted in a report by

a major trade association of the petroleum refiners in Europe that conventional MS-derived
“data obtained by direct analysis of a petroleum UV CB substance, in which all constituents
are fonized and fragmented simultaneously, would be too complex to allow meaningful
interpretatior”’ [3]. Indeed, regulatory submissions of petroleum UVCBs do not typically
use conventional MS-based data, or more contemporary HRMS data, but rather include
information that defines chemical composition broadly, for example into hydrocarbon blocks
[25, 26]. The typical substance identity information provided to the regulators such as
ECHA consists of the manufacturing process description, various physicochemical data
(boiling point and carbon chain length ranges, etc.), relative proportions of constituents

in major hydrocarbon classes (saturates, aromatics, resins, asphaltenes, etc.), and relative
content of various polycyclic aromatic compounds (by the number of aromatic rings).
Invariably, regulators express dissatisfaction that the individual chemical constituents, their
structural features, and quantitative metrics for the intrinsic variability of the products that
are being registered are not attainable using the analytical methods on which the industry

is relying heavily. For example, in a recent decision from ECHA on a testing proposal

for grouping of substances in the “Residual aromatic extracts” manufacturing category, the
agency concluded that chemical similarity between products has not been established for the
purpose of registration (/.e., read-across), because “no qualitative or quantitative comparative
assessment of the compositions of the different category members’ has been presented [9].
This representative ECHA decision further noted that because of the intrinsic compositional
variability of petroleum UVCBSs, detailed information in support of the “chemical similarity’
argument would need to include (i) detailed data on the composition of the test sample(s)
(both individual constituents and “major hydrocarbon classes”), as well as (ii) data on
intrinsic chemical variability among products in a category [9], these requirements were
recently added to Annex XI of REACH [10].

A number of recently developed multidimensional HRMS techniques, including IMS-MS,
when applied to the analysis of petroleum samples, demonstrated excellent molecular
resolution and the ability to characterize high molecular weight hydrocarbons, including
isomeric species [16, 30, 32, 35-41]. In addition, a number of chemometric methods

have been proposed in conjunction with HRMS data on oil and petroleum products

for fingerprinting and source identification [12, 41-43], as well as the capability of

the molecular and structural identity of chemical constituents and hydrocarbon blocks
[17, 44, 45]. Therefore, we reasoned that the opportunity exists to demonstrate the

value of multidimensional HRMS petroleomics as a solution to current challenges in
chemical characterization of petroleum UVCBs for regulatory decision-making purpose.
To this effect, this study aimed to demonstrate how one of the multidimensional HRMS
petroleomics techniques, IMS-MS, can be used to address the regulatory challenges by

(i) providing qualitative and quantitative information on the composition of representative
complex petroleum substances, and (ii) using this information to characterize the variability
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of the constituents in the substances manufactured in different production cycles or those
grouped into the same broad category. Our choice of APPI ionization in positive mode with
IMS-MS as an analytical technique was informed by prior studies demonstrating improved
resolution of isomeric aromatic species in petroleum samples [17, 46]. Specifically, we
aimed to take advantage of the IMS-MS technique-derived data on the differences in

drift time among various hydrocarbons of the same atomic composition (7.e., isomeric
species), rather than focus on increasing the resolution in the //z dimension, a common
goal in petroleomics studies afforded by ultrahigh resolution Fourier transform ion cyclotron
resonance (FTICR) MS [47] and other HRMS techniques [41]. Recent studies demonstrated
the utility of IMS-MS for determining the chemical composition of petroleum substances
and crude oils [13-16] and we proposed a chemometric method for deducing the chemical
compositional information for both refined products and crude oils that uses PTCCSy,
information to increase confidence in the evaluation of the chemical composition of

the features in homologous series [17]. Overall, we hypothesized that high resolution
untargeted IMS-MS analysis, in conjunction with a petroleomics data processing workflow
and chemometric evaluation, would enable detailed characterization of the most abundant
ionizable molecules in petroleum UVCBSs, providing quantitative data on substance-to-
substance variation that will inform overall hazard assessment. To test this hypothesis, we
evaluated both a range of petroleum products, and samples from independent production
cycles of the same product.

Overall, we highlight four major advances afforded by this study. First, we demonstrate

how IMS-MS data can be used to evaluate broad similarity among substances while also
identifying the degree of variability within a class or between production batches of the
same substance. By comparing and contrasting the IMS-MS data to that from GC-MS, we
confirm advantages in both resolving power, and coverage of the high molecular weight
compounds. GC-MS is used widely to characterize the composition of various fuels and

to classify and group the fuels [43]. In addition, GCxGC-flame ionization detection (FID)
technique [26, 48-50] is also commonly used for petroleum analyses to derive “hydrocarbon
blocks” for substance identification purposes [25, 51]. It was previously shown that the
multidimensional data from these techniques can be used for fingerprinting of oils or
grouping petroleum UVCBs, but that IMS-MS data typically affords greater classification
and fingerprinting accuracy [16, 42]. In this study, we found a similar pattern, with IMS-MS
data superior to that from GC-MS for grouping and classification of the samples.

Second, this study goes farther than grouping and classification as we were able to assign
confident molecular formulas to most (on average 93% across all samples) of the high
abundance features from IMS-MS data. To achieve this, we selected only the highest
quality abundant features at the expense of focusing on a relatively small fraction (~2%)

of all detected features. While the process of dimensionality reduction may seem counter

to the desire to provide as detailed chemical characterization of the UVCBs as possible,

the following considerations support our approach: (i) the confidence in molecular formula
assignments for the features beyond those with highest abundance erodes rapidly [17],

(ii) even though IMS-MS is able to resolve tens of thousands of features in petroleum
UVCBSs, numerous molecules are still undetected either due to ion suppression or instrument
sensitivity [32, 52], and (iii) if these chemical composition data are to be used for regulatory
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decisions, it is acknowledged that the priority shall be given to the highest abundance
constituents in complex substances. For example, according to Articles 7(2) and 33 of
REACH Regulation [27], the abundance threshold of 0.1% (w/w) is set (for the purposes of
either notification of substances in articles, or communication of information on substances
in articles) for constituents that are classified as substances of very high concern. This
implies that the focus on the highest abundance features when analyzing detailed chemical
composition of petroleum UVCBs would be responsive to REACH Regulation requirements,
because other molecules in each sample are likely present at amounts far below the 0.1%
threshold.

Third, a very important consideration for the use of an analytical method for regulatory
decision-making is its accessibility and reproducibility. Both GC-MS and GCxGC-FID

are used to generate data for regulatory submissions because these methods have been
standardized [53, 54]. In this regard, commercialization of the drift tube IMS-MS made
these instruments available in a standard configuration leading to a growing number of
publications demonstrating their use for petroleomics [16, 17, 32]. In addition, studies

of reproducibility of IMS-MS-derived experimental parameters such as standardized drift
tube, nitrogen CCS values (PTCCSy;») were conducted using hundreds of molecules across
multiple laboratories and illustrated the potential of this technique for providing confident
molecular identifiers for a broad range of discovery-based analyses [18, 20]. This study,
while not a formal cross-laboratory standardization analysis, does demonstrate that samples
can be confidently compared across operators in the same laboratory and across laboratories.
Therefore, this technique and approach have promise for wider application as they are based
on a commercially-available instrument and also a fairly rapid analysis based on gas phase
separations and direct injection that does not require extensive sample preparation.

Finally, because of the ability to deduce molecular identifications for hundreds of
molecules in complex petroleum UVCBs, a number of existing challenges with chemical
characterization of petroleum UVCBs for hazard assessment are potentially resolved.
Specifically, it is possible to identify constituents and determine their abundance for
consideration as potential substances of concern. Because the hydrocarbon block method
[51] is widely used for the characterization of human health and environmental hazards of
petroleum UVCBSs, the IMS-MS data with molecular identifiers can be used to construct
data matrices similar to those generated in GCxGC-FID, but where the identity of the
constituents in each block are known. In addition, the variability between independent
production cycles and among samples in the same product category can be quantitatively
characterized; if it is found that samples are significantly variable, it is now possible to
determine whether such variability may impact potential hazardous properties of the entire
substance and reduce uncertainty in grouping.

One limitation of this study, similar to other analytical studies of petroleum UVCBs, is that
the complete chemical characterization of petroleum UVCBs is unattainable. The extent
of the molecular resolution depends on the type of ionization and detection methods and
instruments, as well as sample processing and other factors [55]. For example, the APPI
ionization used herein, albeit a preferred method for characterization of nonpolar petroleum
fractions [56, 57], is not applicable to the analysis of paraffins. Still, our method is suitable
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for evaluation of polycyclic aromatic compounds, which include polycyclic aromatic
hydrocarbons and heteroatoms, substances that have been associated with carcinogenic
activity [58, 59]. We also note that other HRMS methods can be used for characterization
of chemical composition of petroleum UVCBs [12, 60]. In this regard, by coupling HRMS
with additional separation techniques, such as GC-APCI [61] or ion mobility [15, 62],
additional characterization of isomers can be achieved. It is important to distinguish and
characterize structural isomers in petroleum UVCBs to understand potential variability in
the manufacturing process chemistry and the effects of different oil feed stocks [63].

5. Conclusion

This study evaluated samples of 6 petroleum products (heavy aromatic, hydrotreated light
paraffinic, and hydrotreated heavy paraffinic) from 2-3 production cycles using GC-MS and
APPI-IMS-MS. The resulting data were used for classification and grouping using several
unsupervised algorithms as either untargeted data, or after structurally related compounds in
each sample were identified with confidence using multidimensional data analysis workflow.
Between- and within-substance variability was quantified and the types of hydrocarbon
blocks, and individual molecules, that were variable in samples of different production
cycles were identified. Sample analysis was conducted in different laboratories to examine
reproducibility of the grouping and classifications. Overall, these data show that IMS-MS
can be used to provide chemical compositional data on petroleum UVCBSs, information

that is needed to characterize the variability in substances from different production cycles.
Such chemical characterization can be used to support hazard evaluations and address the
regulatory need for qualitative and quantitative comparative assessment of the chemical
composition of petroleum UVCBs.
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Highlights

Registration of petroleum products requires detailed compositional
information

Traditional analytical methods are insufficient for such detailed
characterization

IMS-MS can provide detailed chemical compositional data on petroleum
products

This study used IMS-MS to characterize compositional variability in
petroleum products

Detailed compositional characterization from IMS-MS can support hazard
evaluations
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Figure 1. GC-MS full scan analysis of petroleum UVCB products included in this study.
(A) Superimposed GC-MS total ion chromatograms (time vs. abundance) for representative

samples (see Table 1 for sample annotations). Individual chromatograms for each sample
are shown in Supplemental Figure 1. (B) Hierarchical clustering analysis of the average
abundance of the detected compound ion fragments in a mass range of 40-500 amu in
10,127 scans (see Supplemental Table 2 for the raw data). Both samples (columns) and
features (rows) were clustered (Spearman correlation, average linkage method). Feature
abundance was z-scaled for each sample with lower abundance features indicated by light
blue and higher abundance features indicated by dark blue colors.
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Figure 2. Representative nested IMS-MS spectra (APPI+ ion mode) for petroleum UVCB

products included in this study.

Representative samples (see Table 1 for sample annotations) are shown, data for other
samples are shown in Supplemental Figure 2. Individual features are shown as dots in the 2D
scatterplot where x-axes are /m/z, y-axes are drift time, and feature intensities are indicated
by the color intensity. The density histograms of the features are shown at the top (for m/2)
or on the right (for drift time) of each plot.
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Figure 3. Unsupervised hierarchical clustering of petroleum UVCB products using IMS-MS
data.

Shown are heatmaps (illustrating relative feature abundance) that were products of
hierarchical clustering analysis (Spearman correlation, average linkage method) for 16
samples (see Table 1 for sample annotations) analyzed in one of the experimental runs.
Technical replicates of each sample were averaged for each feature. (A) Full dataset
(Supplemental Table 3A; 55,466 features). (B) Filtered dataset (Supplemental Table 4A;
1,530 features).
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Figure 4. Inter- and intra-laboratory reproducibility of grouping petroleum UVCB products

using untargeted IMS-MS analyses conducted in independent experiments.

The samples were analyzed using an identical experimental protocol either at Texas A&M
on the same instrument but by a different operator (A and B) or at NC State University by
another operator and instrument, but the same model of IMS-MS platform (C). Correlation
values are listed in Supplemental Table 7 and shown using a color gradient as indicated in

the legend at the bottom of the figure.
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Figure 5. The Principal Component Analysis grouping of petroleum UVCB products.

(A) Grouping based on the relative abundance of all features with assigned molecular

formulas (Supplemental Table 5). (B) Grouping based on the carbon chain length

distribution (Supplemental Table 8). (C) Grouping based on the hydrocarbon class
(Supplemental Table 8). (D) Grouping based on the heteroatom profile (Supplemental Table
9). Colors represent individual samples of the same product as indicated in the legend at the

bottom of the figure.
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Figure 6. Hydrocarbon block matrix for samples from independent manufacturing cycles of
product BO220.

(A-C) Dot plots representing the relative abundance (each sample is scaled to 100%) of the
constituents in different hydrocarbon blocks (hydrocarbon class vs carbon chain length) in
three independent samples (see Supplemental Tables 8-9 for data on each product). (D-F)
Relative abundance distribution for the carbon chain length (D), hydrocarbon class (E) and
heteroatom content (F) where symbols represent individual technical replicates (same color)
of the samples from independent manufacturing cycles (shades of gray). Red vertical lines
are mean and whiskers are min-max range. Asterisks (*) denote blocks with statistically
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significant (pagj-value <0.05, Supplemental Table 10) variability among samples of product
B0O220 from independent manufacturing cycles.
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Figure 7. Variability in hydrocarbon blocks (A-B) and heteroatom content (C) for independent
manufacturing cycles of petroleum UVCB products.

Heatmaps show whether relative abundance of the constituents in different hydrocarbon
blocks or heteroatom classes were significantly variable (p,qj<0.05, see Supplemental Table
9) among samples from independent manufacturing cycles. Colors represent significance
(see legend at the bottom of the figure, white indicates that there were no constituents in that

hydrocarbon block).
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Figure 8. Identification of the individual features that are both abundant and significantly
variable among samples from independent manufacturing cycles of each petroleum UVCB
product.

The scatted plots show features that were present in each product based on their relative
abundance (x-axis) and significance in variability (y-axis, p-values were converted to
-Log1g values). Vertical dotted lines indicate the 0.1% relative abundance threshold.
Horizontal lines indicate product-specific (red dotted line corresponding to the p-value at
false discovery rate of 5%) and global (across all samples, —Logq(p-value) = 6.05, blue
dotted lines) thresholds for multiple-corrected significance values. Black diamonds indicate
features that were exceeding both global variability significance and abundance thresholds
(see Table 2 for the complete list). Open circles (features with molecular formulae assigned)
and “x” symbols (no molecular formulae assigned) indicate features that were not significant
based on the global variability significance threshold.

Fuel (Lond). Author manuscript; available in PMC 2023 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Roman-Hubers et al.

Page 28

Table 1.

Petroleum refining products used in this study. Samples of the same product (identified by a sample ID)
are numbered consecutively based on their date of collection. See Supplemental Table 1 for additional

Substance Definition

A complex combination of hydrocarbons obtained from distillation of aromatic streams. It
consists predominantly of aromatic hydrocarbons having carbon numbers predominantly in
the range of Cq through Cy4 and boiling in the range of approximately 165°C to 290°C
(330°F to 554°F).

A complex combination of hydrocarbons obtained by treating a petroleum fraction with
hydrogen in the presence of a catalyst. It consists of hydrocarbons having carbon numbers
predominantly in the range of C,5 through Csq and produces a finished oil with a viscosity
of less than 100 SUS at 100°F (19cSt at 40°C). It contains a relatively large proportion of
saturated hydrocarbons.

information.

Sample ID CAS # Name
AR150 [1]

AR150 [2]

AR150 [3] Solvent naphtha
——— 64742-94-5  (petroleum), heavy
AR200 [1] aromatic
AR200 [2]

AR200 [3]

Distillates
BO60 [1] EE (petroleum),
BO60[2] 04742958 hydrotreated light
paraffinic

BO100 [1]

BO100 [2]

B0220 [1] Distillates
BO220 [2] 4 (petroleum),
BO220 [3] 64742:-54-1 hydrotreated heavy
_— paraffinic
BO600 [1]

BO600 [2]

BO600 [3]

A complex combination of hydrocarbons obtained by treating a petroleum fraction with
hydrogen in the presence of a catalyst. It consists of hydrocarbons having carbon numbers
predominantly in the range of C,q through Csq and produces a finished oil of at least

100 SUS at 100°F (19cSt at 40°C). It contains a relatively large proportion of saturated
hydrocarbons.
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