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Abstract

In the modern world, energy and fuels are of utmost importance. Rapid characteriza-

tion of petroleum and other hydrocarbon-based fuel is a well-researched field. Gas

chromatographyhas traditionally beenused to separate thedifferent species and char-

acterize the chemical content in fuels. Ideally, every molecule would be separated and

characterized, but due to the complexity of the petroleum matrix, many compounds

coelute. With the help of different detectors, more information can be gained, but

there does not exist a single detector that canunambiguously differentiate and identify

every compound. Vacuum ultraviolet spectroscopy (VUV) is a relatively new detector

that can alleviate many limitations of other detectors. Based on spectroscopic absorp-

tion, VUVdetection can provide qualitative andquantitative information regarding the

composition of different fuels. It also provides certain advantages, allowing the decon-

volution of coeluting peaks and differentiation between constitutional isomers. VUV

has been used to classify the range of chemical components in many diverse fuel sam-

ples. Here, the contributions of VUV detection to petrochemical analysis to date are

reviewed.
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1 INTRODUCTION

The association between petroleum and human civilizations has

existed since a black substance called ‘mum’ bubbled out of the dead

sea. This dead sea asphalt was so precious that it was exported to be

used in the funerals of kings to perform mummification.1 Petroleum

and its products were one of the major driving forces of technologi-

cal development in the 19th and 20th centuries.2 The world relies on

these chemicals, as evidenced by the over $500 billion petrochemi-

Abbreviations: DHA, detailed hydrocarbon analysis; FID, flame ionization detector; GC, gas

chromatography; GC×GC, comprehensive two-dimensional gas chromatography; HRMS,

high-resolutionmass spectrometry;MS, mass spectrometry; PIONA, paraffin isoparaffin

olefin naphthene aromatic; TID, time interval deconvolution; VUV, vacuum ultraviolet

spectroscopy.
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cal market worldwide.3 Due to the importance of petroleum fuels and

their feedstocks, determination of the composition of petroleum and

its derived products in an efficient and inexpensivemanner is of utmost

importance.

The composition of petroleum is complicated; many thousands of

individual compounds are found in petroleum, and each varies in size,

structure, functionality, and polarity.4 Their complexity can be demon-

strated by examining the number of alkane isomers that can form

at each carbon number and how this number increases with carbon

number. When there are five carbons, there can be three isomers;

eight carbons can be arranged into eighteen isomers; fifteen carbons

yield 4347 isomers; and alkanes that contain twenty carbons total

3.66 × 105 isomers. One can expect alkanes of twenty carbons or

even higher in certain petroleum products, such as heavy fuel and
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TABLE 1 A table showing the different distillation products of
petroleum, with their carbon number and boiling point range shown. It
is of note that the cutoffs can vary slightly depending on
interpretation.69

Petroleum product Carbon number Temperature range ◦C

Gases (propane, butane) 1–4 0–30

Naphthas (gasolines) 5–10 30–180

Kerosenes (jet fuel) 10–16 180–260

Gas oils (diesel oil) 16–60 260–350

Lubricants 60+ 350–575

Fuel oils (ships, factories) 70+ 490+

Asphalts 80+ 580+

lubricating oils. Besides alkanes, there are a variety of other compound

classes present.

Due to the many different molecules found in crude oil, standard

classificationshavebeen created to assist in discussingpetroleumcom-

position. The non-heteroatom-containing hydrocarbons can generally

be classified as paraffins (P; linear alkanes), isoparaffins (I; branched

acyclic alkanes), olefins (O; alkenes), naphthenes (N; cyclic alkanes)

or aromatics (A; containing at least one aromatic ring). These sim-

plified categories are the primary way to describe different fuels,

commonly referred to as PIONA analysis. Petroleum can also contain

molecules with different heteroatoms, including sulfur, nitrogen, oxy-

gen and metals. Reviews discussing methods for understanding the

heteroatom-containing molecules in petroleum have been communi-

cated, as each heteroatom can have a different effect on the fuel and

its processing.5–7

Since its invention, gas chromatography (GC) has been used to

examine petroleum and its refinery products and has remained a

primary technique for hydrocarbon fuel analysis.8 GCcan analyze com-

poundswith aboiling point rangeup to andabove400◦C. Table 1 shows

the different distillation fractions of petroleumwith their carbon num-

ber and boiling point range. These carbon numbers and boiling point

ranges can vary slightly based on interpretation. While GC itself can

provide pertinent information about petroleum products, it is limited

in its separation power. More modern GC analysis has used multi-

dimensional techniques such as comprehensive two-dimensional gas

chromatography (GC×GC), which can provide group-type analysis of

petroleum and its products.9

While GC has been the separation technique that has dominated

the petroleum industry, different detectors have been used, as each

has its own advantages and disadvantages. The flame ionization detec-

tor (FID) has had a significant and consistent role due to its selectivity

for compounds containing carbon bonds and its reliability for accu-

rate quantitative data. The primary disadvantage is that the FID does

not provide any qualitative information.10 Mass spectrometry (MS)

is another standard detector in fuel analysis, as it is a nearly uni-

versal detector that provides structural information and quantitative

data. Specifically, high-resolutionmass spectrometry (HRMS) has been

utilized in petroleomics, the complete characterization of petroleum

down to the molecular level.11–14 Depending on the ionization source,

almost every molecule can be identified as the mass analyzer can

differentiatemolecules down to 0.001Da. The downside of mass spec-

trometry is that it cannot easily differentiate between constitutional

isomers, enantiomers, and many isobaric compounds; high-resolution

mass spectrometers are also costly. Other detectors commonly used

in petroleum analysis, such as nitrogen-phosphorus detectors and sul-

fur chemiluminescence detectors, do not have broad applicability as

they only detect specific compounds. However, they are conducive to

analyzing specific classes, such as sulfur-bearing hydrocarbons. A vari-

ety of other detectors could be considered for certain applications.15

Electron capture detection and negative chemical ionization—MS are

particularly sensitive to halogenated and electronegative compounds.

A detection technology that is being adopted in the petroleum

industry is the vacuum ultraviolet absorption spectroscopic detector

(VUV) for GC (GC-VUV). This work will review why the VUV detec-

tor has improved the examination of different hydrocarbons, primarily

due to its ability to solve many of the issues associated with traditional

detectors. The VUV detector can facilitate rapid analysis through the

ability to deconvolute coeluting peaks, supply class-specific absorp-

tion spectra with predictable response factors for library searching

and qualitative analysis, differentiate hydrocarbon isomers, and pro-

vide quantitative information. Two previous reviews have discussed

the development and use of GC-VUV, one in 2017 and another in

2020.16,17 Another article discussed the early use of GC-VUV for

petrochemical analysis.18 This work aims not to repeat and update

the previous efforts but to focus on the critical application of GC-VUV

technology in analyzing conventional and alternative fuels.

2 VUV

Vacuum ultraviolet spectroscopy is a near-universal detection tech-

nique for GC instrumentation.18,19 While others have demonstrated

the use of ultraviolet absorption detection for GC, there were issues,

from high detection limits to limited light sources and wavelength

ranges.20–23 A new commercial instrument introduced in 2014 (the

VGA-100 from VUV Analytics, Inc., a schematic for which is shown in

Figure 1) has renewed interest in VUV/UV absorption spectroscopy

as a GC detection method; yet, this also shows the relatively young

lifespan of this technique, not even a decade old.

VUV detection focuses on the absorption of light in the vacuum

ultraviolet/ultraviolet spectral range of 120–240 nm. Previous analyt-

ical work in the vacuum ultraviolet range of 115–185 nm required

bright source synchrotron facilities and evacuated measurement

chambers; the practical application was limited.24 Electromagnetic

radiation in the VUV wavelength range can facilitate σ→σ*, n→σ*, and
π→π* transitions for most molecular species. As atmospheric oxygen

absorbs these wavelengths strongly, an evacuated environment was

traditionally needed to detect compounds using these wavelengths.

Fortunately, compoundswithminimal absorption characteristics in this

region are the common carrier gases used in most GC applications.

Hydrogen, helium, nitrogen, andargonall exhibit veryweakabsorption,
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F IGURE 1 A schematic of the VGA-100 (not to scale). The flow
cell volume is 80 µL, and the path length is 10 cm. It is important to
note that there is no vacuum pump, as one is not needed.19

and their contribution to spectra can be easily background subtracted.

The coupling of modern GC to VUV detection is ideal, and no vacuum

systems are present in the detector.16

The most significant aspect of VUV spectroscopy is that each com-

pound produces unique absorption spectra. Combined with the fact

that VUV is a mass-sensitive detection method (where the amount

of the analyte is proportional to the detector’s response), software

has been created to differentiate constitutional isomers, deconvo-

lute coeluting peaks, and perform quantitation. Therefore, VUV is

a complementary detector to more traditional detectors, like mass

spectrometry, which are limited in differentiating coeluting peaks, as

well as distinguishing isomeric and isobaric compounds. Mass spec-

trometers can deconvolute coeluting signals, but more sophisticated

algorithms are needed to accomplish the task, compared to VUV/UV

spectroscopy, where measured absorption of multiple species is sim-

ply additive.25,26 Mass spectrometry can also provide some isobaric

differentiation using tandemmass spectrometry, tagging, or ion mobil-

ity, but additional capabilities such as these add significant costs.27,28

VUV detection provides a complementary lens for compound identifi-

cation and differentiation, since absorption spectral shapes vary with

atom connectivity and bonding within molecules.

The differentiation of xylene isomers is a simple example demon-

strating the benefit of VUV detection.29 The isomers of xylene require

special columns to resolve chromatographically, and they have identi-

calmass spectra,which inhibits their complete differentiation usingGC

with other detection techniques. In contrast, theVUVabsorption spec-

tra for each of the isomers are different. The different spectra allow

facile deconvolution of the overlapping signals, and the contribution

of each compound to the observed signal can be easily determined.

Themost straightforward deconvolution techniques, which rely on the

additivity of absorption spectra weighted by the relative abundance

of each compound, require that spectra for each of the overlapping

compounds be present in the reference library. However, other more

advanced library searching and deconvolution algorithms have also

been explored in an attempt to alleviate this limitation.30

Another benefit of the VUV detector is its ability to quantitate

using traditional means, such as through internal and external stan-

dard calibration, but also to quantitate in a calibration-less fashion

through pseudo-absolute quantification.31 These quantification capa-

bilities are due to basic Beer-Lambert Law concepts. Pseudo-absolute

quantification refers to the ability to quantify different compounds by

referencing known absolute absorption magnitudes for an analyte of

interest across the 120-240 nm spectral range. As each absorbance

spectra is inherent to each molecule, the cross-section, or probability

of a molecule to absorb a wavelength, can be used to quantitate the

amount of analyte present in the flow cell. This pseudo-absolute quan-

tification can also provide performance checks on the system and solve

quantification problems with complex samples. Relative response fac-

tors (RRFs) can be used for the classification and relative quantitation

of certain species due to predictable changes in absorption intensi-

ties among homologous series and related structural features, such as

aromaticity.32

These features have allowed VUV to be applied for analysis in

a multitude of applications, including for pesticides, beverages, fatty

acid methyl ethers, biological samples, and forensics analysis, among

others.29,33–37 This has included conventional fuels, oils, and alterna-

tives like plastic waste pyrolysis oils.38 VUVhas been shown to provide

easier and faster fuel separations than conventional means due to

its deconvolution and chemical compound class differentiation prop-

erties. Paraffin, isoparaffin, olefin, naphthene, and aromatic (PIONA)

content analysis is crucial when comparing different fuels. VUV has

shown to be viable for PIONA determination, and VUV detection has

been featured in two standardized methods, ASTM D8071 for the

PIONA analysis of gasoline and ASTMD8267 for jet fuel.39,40

A downside to VUV is its relatively modest limit of detection and its

limited library size. These can andhavebeen improvedby technological

advancements in subsequent generations of VUV detectors, coupling

VUV together with other detection methods, increasing temperature

and spectral ranges, and continual augmentation of the VUV spectral

library. Efforts have also been made to use computational predictions

of VUV spectra for matching spectra to compounds when their library

spectra may not be available.30,41–45

3 TECHNIQUES ASSISTING FUEL ANALYSIS

3.1 Time interval deconvolution

Time interval deconvolution (TID) has been a beneficial addition

to PIONA analysis.32,46 Time interval deconvolution uses retention

indices, the VUV spectral library, and the Beer-Lambert law to sort the

coeluting peaks into respective PIONA categories. The general work-

flow involves the determination of retention indices before analysis.

These retention indices can either be obtained via a homologous series

of n-alkanes or through the sample itself using ∼10 well-known peaks.
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F IGURE 2 An example gas chromatography (GC)-vacuum ultraviolet spectroscopy (VUV) chromatogram of a PIONA standard showing the
results of a time interval deconvolution (TID) process. (A) shows the individual species that make up the chromatogram, while (B) shows the PIONA
class in each interval.32

Then a time interval is selected, and a series of steps is performed

before proceeding to the next time interval in the chromatogram. The

steps involve the calculation of the total absorbance in the time inter-

val, the calculation of the average retention index, a search of the

library for compounds with a retention index that matches the time

interval, and then determining the proportion of area response for

each analyte class present. Once every time slice is analyzed, the pro-

gram then calculates themass%of each specified class usingRRFs.One

does not need to know the individual RRF for each compound, as com-

pounds greater than five carbons demonstrate predictable RRFs for

each functional group. TID allows for automatic PIONA characteriza-

tion quickly, while traditional methods require individual examination

of every peak, a lengthy process. An example can be seen in Figure 2,

where different time intervals can be shown, providing both compound

identification and PIONA classification.

Gasoline was initially chosen to demonstrate the capabilities of GC-

VUV and its use in combination with TID.32 Comparisons were made

to ASTM D6730 in this proof of concept. Most of the ASTM meth-

ods examined at the time used flame ionization detection (FID), which

required precise control of the separation, and even multiple off-line

separations performed in tandem to obtain classifications of the group

types. This introductory study looked at GC-VUV for PIONA analysis

and for detecting different oxygenates. The time interval deconvolu-

tion procedure assisted the analysis and found that the GC-VUV data
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agreed with that from the ASTM methods. While the TID method

was demonstrated for gasoline, in theory, it could be used on any

fuel type and in many other compound classification applications. In

fact, it should be more beneficial for middle distillates, as their com-

position is more complicated due to the larger number of carbons

present. In principle, this TID method can also be used for character-

izing heteroatom-containing species and compound classification in a

variety of sample types.47

3.2 GC-VUV and multidimensional
chromatography

As multidimensional gas chromatography becomes more of a player in

the petroleum analysis field, fast selective detectors will have greater

importance. Data acquisition for the VUV detector can be set as high

as 100 Hz. Because full wavelength absorption data is collected simul-

taneously using a charge-coupled device detector, the VUV does not

suffer from the need to scan across different wavelengths over time.

In this respect, VUV detection is well compatible with comprehensive

on-line two-dimensional gas chromatography (GC×GC).

Two similar studies examined diesel fuel and fatty acid methyl

ester (FAME) mixtures using GC×GCwith VUV detection.48,49 Gröger

et al. examined a diesel sample with a defined FAME mixture added

into its composition.48 The original diesel had paraffins, isoparaffins,

aromatics and alkylation products, while the unsaturated and ester-

ified compounds originated from the FAME mixture introduced into

the sample. They resolved the different components satisfactorily

and demonstrated the value of the different absorption spectra for

identifying compounds and classes across the GC×GC chromatogram.

Zoccali et al. used GC×GC-VUV to analyze a biodiesel sample with a

defined FAME mixture as part of its composition.49 Results showed

how pseudo-absolute quantitation could rapidly determine the rela-

tive content of FAME components in the mixture. VUV detection was

ultimately shown tobehighly orthogonal to theGCseparation andpro-

vided valuable absorption spectra to aid compound identificationwhen

it was combined with the high-efficiency compound class separation

achievable using GC×GC.

Lelevic et al. examined middle distillates using a VUV detector

hyphenated to multidimensional gas chromatography.50 Some current

methods that rely on mass spectrometry, for example, ASTM D2425,

have been restricted to samples with a limited boiling point range and

olefin content. These methods have difficulty differentiating between

isomers, and the quantitation is time intensive. Quantitative and qual-

itative analysis was performed on fourteen different diesel samples

from different origins. Results were compared with current methods

(including GC×GC-FID with prefractionation, MS and UV spectro-

scopic analysis) to analyze aromatics and the bromine number for

the olefins. Results from GC×GC-VUV agreed well with those from

other methods; the VUV-based analysis was faster and provided more

information for species classification.

GC×GC-VUV/FID, as a combined detection technique for multi-

dimensional GC, was demonstrated to be a powerful tool for differ-

entiation between different gas oils.51 When using GC×GC for gas

oils, many compound groups tend to coelute; olefins and diolefins

tend to coelute with naphthenes, while polycyclic naphthenes tend to

coelute with monoaromatics. FID can provide excellent quantitative

data but cannot provide any qualitative information. VUV can provide

both quantitative and qualitative information, making it attractive in

replacing or complementing FID detection in petrochemical analysis

usingGC×GC.Different compound classes and thosewith variable car-

bon numbers have different molar absorptivities. Therefore, RRFs had

to be determined and used for quantification of different hydrocar-

bons. VUV RRFs were created for about 160 different hydrocarbons

appearing in gas oils, selected according to their carbon number and

group type. The availability of RRFs allowed for direct quantitation of

individual components. Fourteen different gas oils of different origins

were compared. Analysis using the FID detector required prefraction-

ation, while analysis using the VUVdetector did not. Overall, therewas

good agreement between the two methods. Avoiding prefractionation

when using VUV detection can significantly improve the efficiency of

analysis, making the detector more attractive.

Ademonstration ofGC×GC×VUVas a three-dimensional technique

was presented to examine a diesel sample by Wang.52 Diesel was

specifically chosen because it could demonstrate that some isomers

chromatographically coelute, and these isomers cannot be differenti-

ated by mass spectrometry or other analytical techniques. The VUV

detector was treated as a separation device, using spectral filters to

isolate different compounds. An example of this is shown in Figure 3,

where olefins were chosen to be the compounds of interest. With the

application of an appropriate spectral filter, olefins could be distinctly

highlighted relative to the higher abundance saturates.

3.3 Software and technology improvements

Software and technology improvements are required to evolve

methodology. Software development was required to allow VUV to

behave as a separation technique. The software to convert GC-VUV

analysis into GC×VUV analysis was developed in-house by Wang and

involved data rearrangement and a change in data visualization.53 GC-

VUVanalysis looks at the total absorbance throughout theGC runwith

respect to time, while GC×VUV analysis provides a full spectrum view

for every data point throughout the analysis. The main advantage of

viewing the VUV data as a multidimensional separation was to visu-

alize the entire data set and allow visual separation of saturated from

unsaturated components. The 3D visualization also highlighted previ-

ously unknowngroup specific absorptionbands,which couldbeused to

further assist in group-type analysis, shown in Figure 4. Alkylated tri-

aromatics are characterized by absorption in the 220–260-nm range.

When using a 3D visualization, their contributions become apparent

compared to a 2D visualization of the same wavelengths. This data

visualization method can be used to identify different classes of com-

pounds quickly. This way of viewing information was also compared

to GC-FID and GC×GC-FID, and the results obtained were congruent

with those obtained using other detectors.
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F IGURE 3 An example of a gas chromatography (GC)×GC× vacuum ultraviolet spectroscopy (VUV) chromatogram using diesel as an example
sample. The highlighted red region shows olefins. In the deconvolution procedure, the absorption spectra on the side show the seed or example
spectra used to find paraffins, olefins, and one-ring naphthenes.52

F IGURE 4 An example of three chromatograms. The top is the total absorption by gas chromatography (GC)-vacuum ultraviolet spectroscopy
(VUV). Themiddle is a chromatogram focusing only on the 220 to 260 nm range. The bottom is a three-dimensional representation of the total
absorbance.When specifically looking for alkylated triaromatics (whichmainly absorb at 220 to 260 nm), their contribution becomes easily seen
when using the three-dimensional visualization.53.

A limitation of the GC-VUV detector is the relatively small size of

the spectral library that has been amassed (<2000 unique compounds,

currently). The library’s modest size can limit the detector’s effec-

tiveness in petroleum analysis, particularly for higher carbon number

products. A recent study by Mao et al. used computational chemistry

to simulate different hydrocarbon class absorption spectra to help

address this issue.41 The classes simulated were the main classes for

petroleum analysis (PIONA). The simulations were performed using

time-dependent-density functional theory to determine absorption

energies and probabilities for different compounds. The simulated

spectra were then artificially broadened using Gaussian functions to

more closely resemble experimental spectra. Simulation of spectra is

beneficial for the large carbon number compounds found in fuel, as

isolation of these compounds is complex, making it difficult to obtain

pure absorbance spectra. Spectral simulation will continue to evolve

and contribute to petrochemical analysis; obtaining pure standards
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for high carbon number compounds for the population of a library

is a formidable challenge, which can be aided using spectral simula-

tion tools. The simulation methods will need to be further refined to

improve their accuracy of prediction.

While not directly related to fuels, plug-in software for GC×GC-

VUV detection has been created to assist in the qualitative and quan-

titative interpretation of VUV data.54 As previously stated, GC×GC

is a crucial technique in group-type analysis of fuels, and the benefits

of a free plug-in designed for GC×GC-VUV can significantly decrease

the time spent analyzing the data while increasing the amount of

information one can extract.

4 APPLICATIONS OF GC-VUV TO TRADITIONAL
AND ALTERNATIVE FUELS

The seminal paper introducing GC-VUV as an analytical technique

used gasoline to demonstrate the detector’s capabilities.19 Different

absorption spectra were shown for the different compounds, specif-

ically ethanol, paraffins, and aromatics. The use of the detector for

differentiating isomers was also exhibited, specifically for xylenes and

naphthols. While different analytes were shown, the authors featured

fuel and petroleum analysis applications, an area where GC-VUV has

provided significant advantages.

Historically, traditional analysis, like detailed hydrocarbon analy-

sis (DHA), struggles with the higher carbon number compounds.46

VUV is less limited in this application and has demonstrated the

ability to assist in group-type analysis because each class produces

different absorbance spectra. For example, the absorbance spectra

for olefins tend to peak before 180 nm, while paraffins tend to peak

below 120 nm and slowly lose absorption around 165 nm.55 An

example of the different PIONA classes and their common absorp-

tion spectra are shown in Figure 5. The different hydrocarbon group

types can access different transition states. Paraffins, for exam-

ple, only exhibit σ→σ* excitations, while aromatics can have π→π*
transitions. Regarding paraffins, their exclusive σ→σ* transitions can
cause their absorbance spectra to be quite similar. Nevertheless,

these absorption spectra are still unique and can be used to dif-

ferentiate between different alkanes, including cyclic, branched, and

linear hydrocarbons, up to modest carbon numbers (approximately

C13).42

The spectral library is currently a limiting factor for applying VUV

detection to the full spectrumof compounds encountered in petroleum

analysis. Standards for higher hydrocarbons are difficult to obtain,

limiting their addition to the spectral library. Larger hydrocarbon

molecules can also exhibit mixed functionality; for instance, an aro-

maticmoleculewith olefin or extended alkyl branching. Differentiating

these compounds becomes more complicated using VUV because

the absorption features are additive and overlap to a certain extent.

Future research into these larger compounds must be performed

to understand how to characterize higher hydrocarbons with mixed

functionality.

4.1 Natural gas and gasoline

A study examining permanent gases, including different sources of nat-

ural gases, was one of the first applications of GC-VUV reported.56

Natural gasesmainly consist ofmethane but can also contain hydrocar-

bons ranging fromC2 to C10. The two types of natural gas are biogenic,

produced from bacterial metabolism, and thermogenic, produced from

geological processes. These types of natural gas can be differentiated

based on the differences in their composition of saturated hydrocar-

bons from C2-C4. The standard method to determine the natural gas

composition has been to use GC with a thermal conductivity detector

to assess the nitrogen, carbon dioxide, and light hydrocarbons, while

a flame ionization detector was used for the heavier hydrocarbons.

Figure 6 shows an example GC-VUV chromatogram with representa-

tive spectra used to identify components in natural gas samples. The

authors also applied the technique todrinkingwater and found that the

natural gas contaminating a collected groundwater sample was from

thermogenic origins. The benefits of the GC-VUV were that all com-

ponents of interest could be measured at once, providing a broader

detectionprofilewith theadditionof qualitative information relative to

other techniques. A potential drawback is the need to bring the sample

to the laboratory for measurement.

Further application to gas analysis was expanded in a study using

a monolithic silica-based column directly connected to the VUV

detector.57 The light hydrocarbonswere amixture ofmethane, ethane,

carbon monoxide, and carbon dioxide and were fully separated within

15 s. The separation speed was possible due to the deconvolution of

coeluting species using the VUV detector. Quantitation of all gases

occurred to determine the gas composition within a concentration

range of one percent, although special considerations had to be

performed to counteract band broadening and increase instrument

sensitivity.

Two additional studies examined the ability of VUV detection

to identify compounds, specifically individual isomers.58,59 The first

focused on alkylbenzenes, which are of note in forensics analysis,

as they can be used to assist in arson investigations.58 Gasoline is

the primary accelerant used by arsonists, and the presence of C3-

alkylbenzenes allows investigators to conclude that gasoline was used

to start a fire. The VUV detector was chosen specifically for this

application due to its speed and specificity. When GC-MS is used,

the identification of alkylbenzenes is focused more on retention time

than the detector directly identifying the compounds. The primary

MS detector forensic laboratories have are single quadrupole mass

analyzers with an EI source. Identification of the C3-alkylbenzenes

would ideally require a prominent molecular ion with several mass

fragments. However, the C3-alkylbenzenes do not exhibit molecular

ions and generate few unique fragment ions; thus, retention time or

retention indices are used as the primary identifier. This limits con-

fidence in qualitative analysis and their chromatographic separation

requires longGC columns and slow temperature gradients.When com-

paring VUV and MS, the ability to differentiate between isomers is

vital for arson investigations, specifically for certain alkylbenzenes



227 Analytical Science Advances
Review
doi.org/10.1002/ansa.202300025

F IGURE 5 Examples of normalized absorbance spectra of the PIONA species. Data were from the library provided by VUVAnalytics. Each
shows five common examples of (A) paraffins, (B) isoparaffins, (C) olefins, (D) naphthenes, (E) aromatics and (F) oxygenates.

F IGURE 6 A labeled gas chromatography (GC)-vacuum ultraviolet spectroscopy (VUV) chromatogram of a natural gas standard using the
absorption from 125 to 240 nm. Representative absorption spectra are also provided, which helped identify the different analytes.56
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like 1,3-dimethylbenzene and 1,4-dimethylbenzene. Regarding homol-

ogous series, VUV could differentiate between homologous series due

to a constant shift in the absorbance spectra. MS could also identify

species in a homologous series based on the observance of molecular

ions.

Another study sought to understand the potential for VUV detec-

tion to identify everyC8H18 isomer.59 Standards for all eighteenoctane

isomers were obtained andmeasured, and their spectra were added to

the library. Complex mixtures of multiple hydrocarbons were created,

and the temporal area where octane was expected to elute was exam-

ined. Software unambiguously identified every C8H11 isomer down

to < 0.40% by mass. When a researcher assisted in interpreting the

data, every isomer was identified down to approximately 0.20% by

mass. Both studies showed that while GC-VUV can focus on assigning

PIONA classes to every compound, VUV was also capable of targeted

analysis.

4.2 Diesel and other middle distillates

Middle distillates include fuels such as diesel (gas oil), jet fuel, and

kerosene.4 These are complex samples where the number of carbons

ranges from approximately C8 to C24 and include a boiling point range

of about 180 to 375◦C (See Table 1).60 Middle distillates are an essen-

tial energy source. However, their complexity is significantly increased

relative to lighter distillates. GC-VUV, with its ability to differentiate

isomers, and its combinationwith TID, has beenused for characterizing

middle distillates.

One of the first studies of GC-VUV examining middle distillates

was the determination of hydrocarbon group types in diesel fuel.61

Chromatographically, an ionic liquid column was utilized to separate

saturates and the mono-, di-, and polyaromatics from each other. Spec-

tral filters were then applied to the overall absorption spectra. These

filters were created from the specific wavelengths that correlated to

specific compounds. Spectral filters can increase specificity for certain

compound classes, such as aromatics, due to their longer wavelength

absorptivity, which is lacking for saturated hydrocarbons. Detection

and error rates were compared to supercritical fluid chromatography

(SFC). The GC-VUV data agreed well with that from SFC, except for

some minor differences. SFC showed that two specific fuels compared

were quite different, while VUV showed that the two types of diesel

were essentially the same. This disagreementwas rationalizedwith the

conclusion that the GC-VUV interpretation was more robust, based

on its ability to provide spectral absorption data combined with the

chromatographic output.

In another early study, Schenk et al. emphasized the benefits of

spectral deconvolution provided by GC-VUV.45 A specific focus was

placed on the characterization of dimethylnaphthalenes, which can

be present in significant levels in diesel and jet fuel. Dimethylnaph-

thalenes are particularly challenging to differentiate using GC-MS due

to their significant coelution and similar mass spectra. Different ratio

mixtures of eight overlapping dimethylnaphthalene isomers were used

to test the accuracy, precision, and sensitivity of the GC-VUV detec-

tor for identifying these compounds. It was found that a mixture of

dimethylnaphthalene isomers could be deconvolved to determine indi-

vidual component concentrations for up to two orders of magnitude

(99:1) difference in their relative abundance, within reasonable error.

This ratio is still recommended for deconvoluting species exhibiting

high spectral similarity. When spectra are dissimilar, much larger dis-

parities in the relative abundance (e.g., > 1000:1) of coeluting species

can be accommodated. For the characterization of the fuels, differ-

ent spectral filters were used to focus on differentiating the saturates

(125 – 160 nm) from unsaturated components (170 – 240 nm). Dif-

ferent mono-, di-, and trimethylnaphthalenes were also accentuated

using a 210 – 220 nm spectral filter. Not only did this study estab-

lish reasonable bounds for deconvolving highly similar species, such

as dimethylnaphthalenes, but it also established the benefits of using

different filters to gain a greater understanding of what is present in

middle distillate fuels.

As middle distillates are well studied, comparing the VUV detec-

tor to traditional detectors like GC-FID and GC-MSwas essential. Two

studies examined GC-VUV versus these other detectors using middle

distillates. In an early study, a comparison was performed between

GC-VUV, GC-FID, and GC×GC-MS.62 The study focused on comparing

GC-VUV to the traditional methods for determining common chemical

markers used to identify the age and source of commercial weath-

ered and unweathered diesel fuels. The different methods were in

good agreement. It was proffered that the GC-VUV might find a valu-

able place in environmental forensics and associated litigation, as an

absorbance detector is easier to understand for the average person,

compared to mass spectrometry and the use of advanced multidimen-

sional separation techniques. Standard methodologies would need to

be established to reach such a point.

A separate study compared GC-VUV to different separation strate-

gies and detectors involved with DHA and GC×GC analysis for mixed

hydrocarbon streams.46 Mostly, there was good agreement between

GC-VUV, DHA, and GC×GC methods. All three methods provided

PIONAanalysiswith an relative standarddeviation (RSD) value of 1.3%

or lower when injected five times a day over 3 days. There were also

clear benefits of GC-VUV, as it could identify compounds that DHA

couldnot. Specifically,DHA (using a flame ionizationdetector)misiden-

tified a combination of isoparaffins and naphthenes asC9-olefins. Their

true identities became apparent when looking at the VUV spectral

data. Instrument software was used to perform TID to quantitate the

compounds, and the result provided agreement within 0.6% of the

actual levels reported for the sample using traditional methods. The

GC-VUV approachwas alsomuch faster than the alternativemethods.

4.3 GC-VUV and pyrolysis oils

It is generally accepted that the use of traditional fossil fuels as a

primary energy source has caused lasting environmental effects.63

As such, the development of alternative fuel sources is currently an

active area of research. One strategy is the creation of fuels through

the pyrolysis of plant matter and plastic waste.64,65 Pyrolysis is the
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process of using heat in an enclosure without oxygen to decom-

pose matter. During this process, which occurs from below 400◦C

to above 1000◦C, the matter is chemically converted into oils,

and the resulting oil created from the pyrolysis process can be

further refined into functional products, such as fuels.66 The gen-

erated pyrolysis oils are exceptionally complicated, as the feed-

stocks from which they are derived can be highly variable in their

compositions.67 Multiple studies have been conducted using gas chro-

matography to characterize different types of pyrolysis oils, mainly

those generated from biomatter and plastic waste.68 Pyrolysis oils

can be more complicated than petroleum, and the added spectro-

scopic absorption information provided by GC-VUV can benefit their

characterization.

Although limited investigations have been reported on the topic,

Dunkle et al. used GC-VUV to provide qualitative and quantitative

data on the hydrocarbon composition of mixed waste plastic pyrolysis

oils.38 An in-house spectral library was created to identify and quan-

tify the different pyrolysis oils with a detection limit of 0.1 percent

weight. Hydrocarbons were accurately evaluated from a range of C4

to C30+. The principal findings were that the paraffin and isoparaffin

content was much lower in plastic waste pyrolysis oil than in conven-

tional hydrocarbon streams. They also found that the olefin content in

the studied pyrolysis oils was much higher than in petroleum. It is not

uncommon for olefin content in pyrolysis oils to range from 35 to 65

weight percent, much higher than the <1% olefin content traditionally

found in samples frompetroleum sources. GC-VUVwas preferred over

traditional DHA using GC-FID, as the GC-VUVmethodwasmore accu-

rate for identifying and quantifying the different hydrocarbon classes

and exhibited similar repeatability.

5 SUMMARY AND OUTLOOK

GC-VUV, a relatively new technique, has shown promise for the char-

acterization of fuels and petroleum products. Its primary focus has

been the middle distillates, where the complicated nature of the mix-

ture suits the detector’s abilities. While GC-VUV has been used to

study many different fuel types, there is a lack of GC-VUV studies for

alternative fuel sources, like pyrolysis oils.

With all the benefits of the VUV detector, there is still room for

improvement. The first concern is a relativelymodest limit of detection.

While the VUV can detect analytes in the low parts permillion concen-

tration, many other common GC detectors are more sensitive. Newer

generations of VUV detectors have improved sensitivity, increased the

spectral range of absorption that can be acquired (125–420 nm), and

added high-temperature capabilities (up to 430◦C). A modest library

of compounds is currently available to users. While VUV can identify

and deconvolute peaks, a limited library can affect the performance

of certain applications, like those products with high carbon number

hydrocarbons.

VUV detection is a powerful technique that can be used to com-

plement traditional GC detection techniques, such as FID, MS and

others. Its straightforward use and ability to deconvolute peaks pro-

vide qualitative and quantitative data, and separate isomers make it

a formidable tool in support of petroleum and pyrolysis oil analy-

sis. VUV can be paired with other detectors with a more extensive

library or that can differentiate homologous series easier or have a

lower limit of detection. As the GC-VUV becomes more integrated

into more laboratories, its capabilities and range of applications will

continue to be expanded. Further establishment of standard meth-

ods, such as those propagated by ASTM, will also increase its rate of

adoption.

ACKNOWLEDGEMENTS

The authors wish to acknowledge support from Lummus Technologies

during the preparation of this review.

CONFLICT OF INTEREST STATEMENT

Dr. Kevin A. Schug is amember of the scientific advisory board for VUV

Analytics, Inc. The other author declares no conflict of interest.

DATA AVAILABILITY STATEMENT

This is a review article and has no associated data.

REFERENCES

1. Rullkötter J, Nissenbaum A. Dead sea asphalt in egyptian mum-

mies: molecular evidence. Naturwissenschaften. 1988;75(12):618-621.
doi:10.1007/BF00366476

2. Hubbert MK. History of petroleum geology and its bearing upon

present and future exploration. AAPG Bull. 1966;50(12):2504-2518.
doi:10.1306/5D25B779-16C1-11D7-8645000102C1865D

3. Petrocehmical industry worldwide - statistics & facts. Statista.

Accessed April 6, 2023. https://www.statista.com/topics/8418/

petrochemical-industry-worldwide/

4. Barman BN, Cebolla VL, Membrado L. Chromatographic techniques

for petroleum and related products. Crit Rev Anal Chem. 2000;30(2-
3):75-120. doi:10.1080/10408340091164199

5. Lorentz C, Laurenti D, Zotin JL, Geantet C. Comprehensive GC×GC

chromatography for the characterization of sulfur compound in fuels:

a review. Catal Today. 2017;292:26-37. doi:10.1016/j.cattod.2017.04.
052

6. Machado ME. Comprehensive two-dimensional gas chromatography

for the analysis of nitrogen-containing compounds in fossil fuels:

a review. Talanta. 2019;198:263-276. doi:10.1016/j.talanta.2019.02.
031

7. Beccaria M, Siqueira ALM, Maniquet A, et al. Advanced mono-

and multi-dimensional gas chromatography–mass spectrometry tech-

niques for oxygen-containing compound characterization in biomass

and biofuel samples. J Sep Sci. 2021;44(1):115-134. doi:10.1002/jssc.
202000907

8. Beens J, Brinkman UAT. The role of gas chromatography in compo-

sitional analyses in the petroleum industry. TrAC, Trends Anal Chem.
2000;19(4):260-275. doi:10.1016/S0165-9936(99)00205-8

9. Pollo BJ, Alexandrino GL, Augusto F, Hantao LW. The impact of com-

prehensive two-dimensional gas chromatography on oil & gas analysis:

recent advances and applications in petroleum industry. TrAC, Trends
Anal Chem. 2018;105:202-217. doi:10.1016/j.trac.2018.05.007

10. Aslani S, Armstrong DW. High information spectroscopic

detection techniques for gas chromatography. J Chromatogr A.
2022;1676:463255. doi:10.1016/j.chroma.2022.463255

11. Borisov RS, Kulikova LN, Zaikin VG. Mass spectrometry in petroleum

chemistry (petroleomics) (review). Pet Chem. 2019;59(10):1055-1076.
doi:10.1134/S0965544119100025

https://doi.org/10.1007/BF00366476
https://doi.org/10.1306/5D25B779-16C1-11D7-8645000102C1865D
https://www.statista.com/topics/8418/petrochemical-industry-worldwide/
https://www.statista.com/topics/8418/petrochemical-industry-worldwide/
https://doi.org/10.1080/10408340091164199
https://doi.org/10.1016/j.cattod.2017.04.052
https://doi.org/10.1016/j.cattod.2017.04.052
https://doi.org/10.1016/j.talanta.2019.02.031
https://doi.org/10.1016/j.talanta.2019.02.031
https://doi.org/10.1002/jssc.202000907
https://doi.org/10.1002/jssc.202000907
https://doi.org/10.1016/S0165-9936(99)00205-8
https://doi.org/10.1016/j.trac.2018.05.007
https://doi.org/10.1016/j.chroma.2022.463255
https://doi.org/10.1134/S0965544119100025


230 Analytical Science Advances
Review
doi.org/10.1002/ansa.202300025

12. Marshall AG, Rodgers RP. Petroleomics: chemistry of the under-

world. Proc Natl Acad Sci. 2008;105(47):18090-18095. doi:10.1073/
pnas.0805069105

13. Rodgers RP, Marshall AG. Petroleomics: advanced characterization of

petroleum-derived materials by Fourier transform ion cyclotron reso-

nance mass spectrometry (FT-ICRMS). In: Mullins OC, Sheu EY, Ham-

mami A, Marshall AG, eds. Asphaltenes, Heavy Oils, and Petroleomics.
Springer; 2007:63-93. doi:10.1007/0-387-68903-6_3

14. Chacón-Patiño ML, Gray MR, Rüger C, et al. Lessons learned

from a decade-long assessment of asphaltenes by ultrahigh-

resolution mass spectrometry and implications for complex

mixture analysis. Energy Fuels. 2021;35(20):16335-16376.

doi:10.1021/acs.energyfuels.1c02107

15. Schug K, McNair HM. GC detectors: from thermal conductivity to

vacuum ultraviolet absorption. LCGCNorth Am. 2014;33(1):24-33.
16. Santos IC, Schug KA. Recent advances and applications of gas

chromatography vacuum ultraviolet spectroscopy. J Sep Sci.
2017;40(1):138-151. doi:10.1002/jssc.201601023

17. Lelevic A, Souchon V, Moreaud M, Lorentz C, Geantet C. Gas chro-

matography vacuum ultraviolet spectroscopy: a review. J Sep Sci.
2020;43(1):150-173. doi:10.1002/jssc.201900770

18. Bai L, Schug KA. Vacuum ultraviolet detection for gas chro-

matography: a powerful tool for petrochemical analysis.

Chromatogr Today. December 22, 2017. Accessed June 26, 2023.

http://www.chromatographytoday.com/article/gas-chromatography/

64/texas-state-university/pvacuum-ultraviolet-detection-for-gas-

chromatography-a-powerful-tool-for-petrochemical-analysisp/2303

19. Schug KA, Sawicki I, Carlton Jr DD, et al. Vacuum ultraviolet detector

for gas chromatography. Anal Chem. 2014;86(16):8329-8335. doi:10.
1021/ac5018343

20. Middleditch BS, Sung NJ, Zlatkis A, Settembre G. Trace anal-

ysis of volatile polar organics by direct aqueous injection gas

chromatography.Chromatographia. 1987;23(4):273-278. doi:10.1007/
BF02311779

21. Driscoll JN, DuffyM, Pappas S. Capillary gas chromatographic analysis

with the far-UV absorbance detector. J Chromatogr A. 1988;441(1):63-
71. doi:10.1016/S0021-9673(01)84654-9

22. Hatzinikolaou DG, Lagesson V, Stavridou AJ, Pouli AE, Lagesson-

Andrasko L, Stavrides JC. Analysis of the gas phase of cigarette smoke

by gas chromatography coupled with UV-diode array detection. Anal
Chem. 2006;78(13):4509-4516. doi:10.1021/ac052004y

23. O’Brien AM, Schug KA. Molecular spectroscopic detectors for gas

chromatography. In: Poole CF, ed.Gas Chromatography (Second Edition).
Handbooks in Separation Science. Elsevier; 2021:371-397. doi:10.1016/
B978-0-12-820675-1.00021-6

24. Jia L, ZhengW,HuangF.Vacuum-ultraviolet photodetectors.PhotoniX.
2020;1(1):22. doi:10.1186/s43074-020-00022-w

25. Bern M, Caval T, Kil YJ, et al. Parsimonious charge deconvolution

for native mass spectrometry. J Proteome Res. 2018;17(3):1216-1226.
doi:10.1021/acs.jproteome.7b00839

26. Aksenov AA, Laponogov I, Zhang Z, et al. Auto-deconvolution and

molecular networking of gas chromatography–mass spectrometry

data. Nat Biotechnol. 2021;39(2):169-173. doi:10.1038/s41587-020-
0700-3

27. Christoforou AL, Lilley KS. Isobaric tagging approaches in quantitative

proteomics: the ups and downs.Anal Bioanal Chem. 2012;404(4):1029-
1037. doi:10.1007/s00216-012-6012-9

28. Wu Q, Wang JY, Han DQ, Yao ZP. Recent advances in differentiation

of isomers by ion mobility mass spectrometry. TrAC, Trends Anal Chem.
2020;124:115801. doi:10.1016/j.trac.2019.115801

29. Fan H, Smuts J,Walsh P, Harrison D, Schug KA. Gas chromatography–

vacuum ultraviolet spectroscopy for multiclass pesticide identifi-

cation. J Chromatogr A. 2015;1389:120-127. doi:10.1016/j.chroma.

2015.02.035

30. Anthony IGM, Brantley MR, Floyd AR, Gaw CA, Solouki T, Library-

integrated SIMPLISMA-ALS deconvolution of gas chromatography-

vacuum ultraviolet absorption spectroscopy data. 2022. doi:10.2139/

ssrn.4165923

31. Bai L, Smuts J,WalshP,QiuC,McNairHM, SchugKA. Pseudo-absolute

quantitative analysis using gas chromatography – vacuum ultravio-

let spectroscopy – a tutorial. Anal Chim Acta. 2017;953:10-22. doi:10.
1016/j.aca.2016.11.039

32. Walsh P, Garbalena M, Schug KA. Rapid analysis and time interval

deconvolution for comprehensive fuel compound group classifica-

tion and speciation using gas chromatography–vacuum ultraviolet

spectroscopy. Anal Chem. 2016;88(22):11130-11138. doi:10.1021/
acs.analchem.6b03226

33. Zanella D, Anderson HE, Selby T, Magnuson RH, Liden T, Schug KA.

Comparison of headspace solid-phase microextraction high capacity

fiber coatings based on dual mass spectrometric and broadband vac-

uum ultraviolet absorption detection for untargeted analysis of beer

volatiles using gas chromatography.Anal ChimActa. 2021;1141:91-99.
doi:10.1016/j.aca.2020.10.026

34. Weatherly CA, Zhang Y, Smuts JP, et al. Analysis of long-chain unsatu-

rated fatty acids by ionic liquid gas chromatography. J Agric Food Chem.
2016;64(6):1422-1432. doi:10.1021/acs.jafc.5b05988

35. Santos IC, Smuts J, Choi WS, Kim Y, Kim SB, Schug KA. Analysis of

bacterial FAMEs using gas chromatography – vacuumultraviolet spec-

troscopy for the identification and discrimination of bacteria. Talanta.
2018;182:536-543. doi:10.1016/j.talanta.2018.01.074

36. Zheng J, Huang C, Wang S. Challenging pharmaceutical analyses by

gas chromatography with vacuum ultraviolet detection. J Chromatogr
A. 2018;1567:185-190. doi:10.1016/j.chroma.2018.06.064

37. Cruse CA, Goodpaster JV. Optimization of gas chromatogra-

phy/vacuum ultraviolet (GC/VUV) spectroscopy for explosive

compounds and application to post-blast debris. Forensic Chem.
2021;26:100362. doi:10.1016/j.forc.2021.100362

38. Dunkle MN, Pijcke P, WinnifordWL, Ruitenbeek M, Bellos G. Method

development and evaluation of pyrolysis oils from mixed waste plas-

tic by GC-VUV. J Chromatogr A. 2021;1637:461837. doi:10.1016/j.
chroma.2020.461837

39. Standard test method for determination of hydrocarbon group

types and select hydrocarbon and oxygenate compounds in automo-

tive spark-ignition engine fuel using gas chromatography with vac-

uum ultraviolet absorption spectroscopy detection (GC-VUV). astm.

AccessedMarch 26, 2023. https://www.astm.org/d8071-21.html

40. Standard test method for determination of total aromatic, monoaro-

matic and diaromatic content of aviation turbine fuels using gas

chromatography with vacuum ultraviolet absorption spectroscopy

detection (GC-VUV). Accessed March 27, 2023. astm. https://www.

astm.org/d8267-19a.html

41. Mao JX, Walsh P, Kroll P, Schug KA. Simulation of vacuum ultraviolet

absorption spectra: paraffin, isoparaffin, olefin, naphthene, and aro-

matic hydrocarbon class compounds. Appl Spectrosc. 2020;74(1):72-
80. doi:10.1177/0003702819875132

42. Mao JX, Kroll P, Schug KA. Vacuum ultraviolet absorbance of alka-

nes: an experimental and theoretical investigation. Struct Chem.
2019;30(6):2217-2224. doi:10.1007/s11224-019-01412-y

43. Ponduru TT, Qiu C, Mao JX, et al. Copper(I)-based oxidation of poly-

cyclic aromatic hydrocarbons and product elucidation using vacuum

ultraviolet spectroscopy and theoretical spectral calculations. New J
Chem. 2018;42(24):19442-19449. doi:10.1039/C8NJ04740E

44. Skultety L, Frycak P, Qiu C, et al. Resolution of isomeric new designer

stimulants using gas chromatography – vacuum ultraviolet spec-

troscopy and theoretical computations. Anal Chim Acta. 2017;971:55-
67. doi:10.1016/j.aca.2017.03.023

45. Schenk J, Mao JX, Smuts J, Walsh P, Kroll P, Schug KA. Anal-

ysis and deconvolution of dimethylnaphthalene isomers using gas

https://doi.org/10.1073/pnas.0805069105
https://doi.org/10.1073/pnas.0805069105
https://doi.org/10.1007/0-387-68903-6_3
https://doi.org/10.1021/acs.energyfuels.1c02107
https://doi.org/10.1002/jssc.201601023
https://doi.org/10.1002/jssc.201900770
http://www.chromatographytoday.com/article/gas-chromatography/64/texas-state-university/pvacuum-ultraviolet-detection-for-gas-chromatography-a-powerful-tool-for-petrochemical-analysisp/2303
http://www.chromatographytoday.com/article/gas-chromatography/64/texas-state-university/pvacuum-ultraviolet-detection-for-gas-chromatography-a-powerful-tool-for-petrochemical-analysisp/2303
http://www.chromatographytoday.com/article/gas-chromatography/64/texas-state-university/pvacuum-ultraviolet-detection-for-gas-chromatography-a-powerful-tool-for-petrochemical-analysisp/2303
https://doi.org/10.1021/ac5018343
https://doi.org/10.1021/ac5018343
https://doi.org/10.1007/BF02311779
https://doi.org/10.1007/BF02311779
https://doi.org/10.1016/S0021-9673(01)84654-9
https://doi.org/10.1021/ac052004y
https://doi.org/10.1016/B978-0-12-820675-1.00021-6
https://doi.org/10.1016/B978-0-12-820675-1.00021-6
https://doi.org/10.1186/s43074-020-00022-w
https://doi.org/10.1021/acs.jproteome.7b00839
https://doi.org/10.1038/s41587-020-0700-3
https://doi.org/10.1038/s41587-020-0700-3
https://doi.org/10.1007/s00216-012-6012-9
https://doi.org/10.1016/j.trac.2019.115801
https://doi.org/10.1016/j.chroma.2015.02.035
https://doi.org/10.1016/j.chroma.2015.02.035
https://doi.org/10.2139/ssrn.4165923
https://doi.org/10.2139/ssrn.4165923
https://doi.org/10.1016/j.aca.2016.11.039
https://doi.org/10.1016/j.aca.2016.11.039
https://doi.org/10.1021/acs.analchem.6b03226
https://doi.org/10.1021/acs.analchem.6b03226
https://doi.org/10.1016/j.aca.2020.10.026
https://doi.org/10.1021/acs.jafc.5b05988
https://doi.org/10.1016/j.talanta.2018.01.074
https://doi.org/10.1016/j.chroma.2018.06.064
https://doi.org/10.1016/j.forc.2021.100362
https://doi.org/10.1016/j.chroma.2020.461837
https://doi.org/10.1016/j.chroma.2020.461837
https://www.astm.org/d8071-21.html
https://www.astm.org/d8267-19a.html
https://www.astm.org/d8267-19a.html
https://doi.org/10.1177/0003702819875132
https://doi.org/10.1007/s11224-019-01412-y
https://doi.org/10.1039/C8NJ04740E
https://doi.org/10.1016/j.aca.2017.03.023


231 Analytical Science Advances
Review
doi.org/10.1002/ansa.202300025

chromatography vacuum ultraviolet spectroscopy and theoretical

computations. Anal Chim Acta. 2016;945:1-8. doi:10.1016/j.aca.2016.
09.021

46. DunkleMN, Pijcke P,WinnifordB, BellosG.Quantification of the com-

position of liquid hydrocarbon streams: comparing the GC-VUV to

DHA and GCxGC. J Chromatogr A. 2019;1587:239-246. doi:10.1016/
j.chroma.2018.12.026

47. Qiu C, Cochran J, Smuts J, Walsh P, Schug KA. Gas chromatography-

vacuum ultraviolet detection for classification and speciation of

polychlorinated biphenyls in industrial mixtures. J Chromatogr A.
2017;1490:191-200. doi:10.1016/j.chroma.2017.02.031

48. Gröger T, Gruber B, Harrison D, et al. A vacuum ultraviolet absorption

array spectrometer as a selective detector for comprehensive two-

dimensional gas chromatography: concept and first results.Anal Chem.
2016;88(6):3031-3039. doi:10.1021/acs.analchem.5b02472

49. Zoccali M, Schug KA, Walsh P, Smuts J, Mondello L. Flow-modulated

comprehensive two-dimensional gas chromatography combined with

a vacuum ultraviolet detector for the analysis of complex mixtures.

J Chromatogr A. 2017;1497:135-143. doi:10.1016/j.chroma.2017.03.

073

50. Lelevic A, Geantet C, Moreaud M, Lorentz C, Souchon V. Quantifi-

cation of hydrocarbons in gas oils by GC×GC-VUV: comparison with

other techniques. Energy Fuels. 2022;36(18):10860-10869. doi:10.
1021/acs.energyfuels.2c01960

51. Lelevic A, Geantet C, Moreaud M, Lorentz C, Souchon V.

Quantitative analysis of hydrocarbons in gas oils by two-

dimensional comprehensive gas chromatography with vacuum

ultraviolet detection. Energy Fuels. 2021;35(17):13766-13775.

doi:10.1021/acs.energyfuels.1c01910

52. Wang FCY. Comprehensive two-dimensional gas chromatog-

raphy hyphenated with a vacuum ultraviolet spectrometer

to analyze diesel—a three-dimensional separation (GC ×

GC × VUV) approach. Energy Fuels. 2020;34(7):8012-8017.

doi:10.1021/acs.energyfuels.0c00688

53. Wang FCY. GC × VUV study of diesel: a two-dimensional separa-

tion approach. Energy Fuels. 2020;34(2):1432-1437. doi:10.1021/acs.
energyfuels.9b03383

54. Lelevic A, Souchon V, Geantet C, Lorentz C, Moreaud M. plug im !

software for comprehensive two-dimensional gas chromatography

with vacuum ultraviolet detection – a tutorial. Chemom Intell Lab Syst.
2022;231:104708. doi:10.1016/j.chemolab.2022.104708

55. PIONA GC analysis simplified worldwide | VUV analytics. VUV ana-

lytics | vacuum ultraviolet absorption spectroscopy. vuvanalytics.

September 27, 2017. Accessed March 27, 2023. https://vuvanalytics.

com/knowledge-base/petrol-fueled-adventures-of-the-vga-100/

56. Bai L, Smuts J, Walsh P, et al. Permanent gas analysis using gas

chromatography with vacuum ultraviolet detection. J Chromatogr A.
2015;1388:244-250. doi:10.1016/j.chroma.2015.02.007

57. LiuH, RaffinG, TruttG,DugasV,DemesmayC, Randon J. Hyphenation

of short monolithic silica capillary column with vacuum ultraviolet

spectroscopy detector for light hydrocarbons separation. J Chromatogr
A. 2019;1595:174-179. doi:10.1016/j.chroma.2019.02.033

58. Rael AS, Cruse CA, Rydberg M, Goodpaster JV. A critical com-

parison of vacuum UV (VUV) spectrometer and electron ionization

single quadrupole mass spectrometer detectors for the analysis of

alkylbenzenes in gasoline by gas chromatography: experimental and

statistical aspects. Talanta. 2021;225:122081. doi:10.1016/j.talanta.
2021.122081

59. Bell DC, Feldhausen J, Spieles AJ, Boehm RC, Heyne JS. Limits of

identification using VUV spectroscopy applied to C8H18 isomers iso-

lated by GC×GC. Talanta. 2023;258:124451. doi:10.1016/j.talanta.
2023.124451

60. Speight JG. Hydrocarbons from crude oil. In: Speight JG, ed. Hand-
book of Industrial Hydrocarbon Processes. 2nd ed. Gulf Professional

Publishing; 2020:95-142. doi:10.1016/B978-0-12-809923-0.00003-

5

61. Weber BM, Walsh P, Harynuk JJ. Determination of hydrocarbon

group-type of diesel fuels by gas chromatographywith vacuumultravi-

olet detection. Anal Chem. 2016;88(11):5809-5817. doi:10.1021/acs.
analchem.6b00383

62. Bai L, Smuts J, Schenk J, Cochran J, Schug KA. Comparison of GC-

VUV, GC-FID, and comprehensive two-dimensional GC–MS for the

characterization of weathered and unweathered diesel fuels. Fuel.
2018;214:521-527. doi:10.1016/j.fuel.2017.11.053

63. Al-Ghussain L. Global warming: review on driving forces and mitiga-

tion. Environ Prog Sustainable Energy. 2019;38(1):13-21. doi:10.1002/
ep.13041

64. Anuar Sharuddin SD, Abnisa F, Wan DaudWMA, ArouaMK. A review

on pyrolysis of plastic wastes. Energy Convers Manage. 2016;115:308-
326. doi:10.1016/j.enconman.2016.02.037

65. ZhangQ, Chang J,Wang T, Xu Y. Review of biomass pyrolysis oil prop-

erties and upgrading research. Energy Convers Manage. 2007;48(1):87-
92. doi:10.1016/j.enconman.2006.05.010

66. Qureshi MS, Oasmaa A, Pihkola H, et al. Pyrolysis of plastic waste:

opportunities and challenges. J Anal Appl Pyrolysis. 2020;152:104804.
doi:10.1016/j.jaap.2020.104804

67. Miandad R, Barakat MA, Aburiazaiza AS, Rehan M, Ismail IMI, Nizami

AS. Effect of plastic waste types on pyrolysis liquid oil. Int Biodeterior
Biodegrad. 2017;119:239-252. doi:10.1016/j.ibiod.2016.09.017

68. Zanella D, Romagnoli M, Malcangi S, et al. The contribution of high-

resolution GC separations in plastic recycling research. Anal Bioanal
Chem. 2023;415(13):2343-2355. doi:10.1007/s00216-023-04519-8

69. Farmer S, Kennepohl D, Cunningham K. 3.8: gasoline -

a deeper look. 2015. libretexts. Accessed May 29, 2023.

https://chem.libretexts.org/Bookshelves/Organic_Chemistry/

Organic_Chemistry_(Morsch_et_al.)/03%3A_Organic_Compounds-

_Alkanes_and_Their_Stereochemistry/3.08%3A_Gasoline_-

_A_Deeper_Look

How to cite this article: Kaplitz AS, Schug KA. Gas

chromatography—vacuum ultraviolet spectroscopy in

petroleum and fuel analysis. Anal Sci Adv. 2023;4:220–231.

https://doi.org/10.1002/ansa.202300025

https://doi.org/10.1016/j.aca.2016.09.021
https://doi.org/10.1016/j.aca.2016.09.021
https://doi.org/10.1016/j.chroma.2018.12.026
https://doi.org/10.1016/j.chroma.2018.12.026
https://doi.org/10.1016/j.chroma.2017.02.031
https://doi.org/10.1021/acs.analchem.5b02472
https://doi.org/10.1016/j.chroma.2017.03.073
https://doi.org/10.1016/j.chroma.2017.03.073
https://doi.org/10.1021/acs.energyfuels.2c01960
https://doi.org/10.1021/acs.energyfuels.2c01960
https://doi.org/10.1021/acs.energyfuels.1c01910
https://doi.org/10.1021/acs.energyfuels.0c00688
https://doi.org/10.1021/acs.energyfuels.9b03383
https://doi.org/10.1021/acs.energyfuels.9b03383
https://doi.org/10.1016/j.chemolab.2022.104708
https://vuvanalytics.com/knowledge-base/petrol-fueled-adventures-of-the-vga-100/
https://vuvanalytics.com/knowledge-base/petrol-fueled-adventures-of-the-vga-100/
https://doi.org/10.1016/j.chroma.2015.02.007
https://doi.org/10.1016/j.chroma.2019.02.033
https://doi.org/10.1016/j.talanta.2021.122081
https://doi.org/10.1016/j.talanta.2021.122081
https://doi.org/10.1016/j.talanta.2023.124451
https://doi.org/10.1016/j.talanta.2023.124451
https://doi.org/10.1016/B978-0-12-809923-0.00003-5
https://doi.org/10.1016/B978-0-12-809923-0.00003-5
https://doi.org/10.1021/acs.analchem.6b00383
https://doi.org/10.1021/acs.analchem.6b00383
https://doi.org/10.1016/j.fuel.2017.11.053
https://doi.org/10.1002/ep.13041
https://doi.org/10.1002/ep.13041
https://doi.org/10.1016/j.enconman.2016.02.037
https://doi.org/10.1016/j.enconman.2006.05.010
https://doi.org/10.1016/j.jaap.2020.104804
https://doi.org/10.1016/j.ibiod.2016.09.017
https://doi.org/10.1007/s00216-023-04519-8
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Organic_Chemistry_(Morsch_et_al.)/03%3A_Organic_Compounds-_Alkanes_and_Their_Stereochemistry/3.08%3A_Gasoline_-_A_Deeper_Look
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Organic_Chemistry_(Morsch_et_al.)/03%3A_Organic_Compounds-_Alkanes_and_Their_Stereochemistry/3.08%3A_Gasoline_-_A_Deeper_Look
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Organic_Chemistry_(Morsch_et_al.)/03%3A_Organic_Compounds-_Alkanes_and_Their_Stereochemistry/3.08%3A_Gasoline_-_A_Deeper_Look
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Organic_Chemistry_(Morsch_et_al.)/03%3A_Organic_Compounds-_Alkanes_and_Their_Stereochemistry/3.08%3A_Gasoline_-_A_Deeper_Look
https://doi.org/10.1002/ansa.202300025

	Gas chromatography-vacuum ultraviolet spectroscopy in petroleum and fuel analysis
	Abstract
	1 | INTRODUCTION
	2 | VUV
	3 | TECHNIQUES ASSISTING FUEL ANALYSIS
	3.1 | Time interval deconvolution
	3.2 | GC-VUV and multidimensional chromatography
	3.3 | Software and technology improvements

	4 | APPLICATIONS OF GC-VUV TO TRADITIONAL AND ALTERNATIVE FUELS
	4.1 | Natural gas and gasoline
	4.2 | Diesel and other middle distillates
	4.3 | GC-VUV and pyrolysis oils

	5 | SUMMARY AND OUTLOOK
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


