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ABSTRACT

Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS) coupled with Electrospray lonization

(ESI) and atmospheric pressure photoionization (APPI). Class and Double Bond Equivalence (DBE)
distribution of the MVGOs were compared; non-basic, basic nitrogen and oxygen compounds were detected
using ESI negative and positive mode while aromatic hydrocarbons and sulfur species were visible via APPI.
Compositional distributions revealed definitive heteroatom class and type trends among the MVGOs, and
provide evidence of the relationship between chemical composition of gas oils (in terms of aromaticity, maturity
and biodegradation) and some of its macroscopic properties such as APl gravity. Furthermore, the observed
class relative abundances matched well with the sulfur and nitrogen content determined for the MVGO's by
conventional methodologies. These preliminary approaches are here reported for Colombian gas oils for
the first time, and afford as insight that it is possible to obtain semi quantitative information from FT-ICR MS
experiments.

T he molecular composition of five Medium Vacuum Gas Oils (MVGOs) was studied using 15T Fourier
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RESUMEN

a composicién molecular de cinco gaséleos medios de vacio (MVGO's, de sus siglas en inglés) se

estudié utilizando un espectrometro de masas de resonancia de ion ciclotrén por transformada de

Fourier de 15T (FT-ICR MS, de sus siglas en inglés), acoplado a lonizacién por Electrospray (ESI, de
sus siglas en inglés) y foto ionizacién a presion atmosférica (APPI, de sus siglas en inglés). La distribucion
de clases y dobles enlaces equivalentes (DBE, de sus siglas en inglés) fueron comparadas; compuestos con
nitrégeno bdsico y no bdsico y oxigeno fueron detectados a través de ESI en modo negativo y positivo,
mientras que hidrocarburos aromdticos y especies con dtomos de azufre fueron obtenidos con APPI. La
distribuciéon composicional revelé tendencias entre las clases y los tipos de heterodtomos presentes en los
MVGO, ademds se evidencié una relacion entre la composicion quimica de los gaséleos (relacionados
con aromaticidad, madurez y biodegradacién) y algunas de sus propiedades macroscépicas tales como la
gravedad API. Adicionalmente, la abundancia relativa de las clases observadas correlacioné muy bien con
el contenido de azufre y nitrégeno determinado para los gaséleos a través de métodos convencionales. Estos
avances preliminares se reportan por primera vez para gaséleos Colombianos en este trabajo, y proporcionan
la idea de que es posible obtener informacién semi cuantitativa a través de los experimentos de FT-ICR MS.

Palabras clave: lonizacién por electrospray, Espectrometria de masas de resonancia de ion ciclotrén por transformada
de Fourier, Gaséleos medios de vacio.

RESUMO

composicdo molecular de cinco gaséleos de vacuo médios (MVGQ's por suas siglas em inglés) foi
estudada utilizando um espectrémetro de massas de ressondncia de fon ciclotron por transformada
de Fourier de 15T (FT-ICR MS, por suas siglas em inglés), unido & lonizac@o por Electrospray (ESI, por
suas siglas em inglés) e foto ionizacédo a pressdo atmosférica (APPI, por suas siglas em inglés). A distribuicdo
de classes e ligacdes duplas equivalentes (DBE, por suas siglas em inglés) foram comparadas; compostos
com nitrogénio bésico e ndo bdsico e oxigénio foram detectados através do ESI em modo negativo e positivo,
enquanto os hidrocarbonetos aromdticos e espécies com dtomos de enxofre foram obtidos com APPI. A
distribuicdo composicional revelou tendéncias entres as classes e os tipos de heterodtomos presentes nos
MVGO, além disso verificou-se uma relacéo entre a composicéo quimica dos gaséd

eos (relacionados com
aromaticidade, maturidade e biodegradacao) e algumas propriedades macroscépicas como a gravidade API.
Adicionalmente, a abundéncia relativa das classes observadas se correlacionou muito bem com o contetdo

eos através de métodos convencionais. Estes avances
preliminares séo relatados por primeira vez para gaséleos Colombianos neste trabalho e fornecem a ideia
de que & possivel obter informac@o semi-quantitativa através dos experimentos de FT-ICR MS.

de enxofre e nitrogénio determinado para os gasé

Palavras-chave: lonizacdo por electrospray, Espectrometria de massas de ressonéncia de ion ciclotron por transformada
de Fourier, Gasdleos de vdcuo médios.
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CHARACTERIZATION OF VACUUM GAS OILS USING FT-ICR MS

1. INTRODUCTION

It is considered that around 90 % of crude oil
chemical composition mainly consists of hydrocarbons
such as naphthenes, parafins and aromatics. The
remaining 10 % is composed by molecules that, at
least, contained one heteroatom like nitrogen, sulfur
and oxygen (NSO), and metals such as vanadium and
nickel, which are difficult to characterize due to their
low concentration and high boiling points (Hughey
et al., 2002; Hughet et al., 2004). The identification
and characterization of these compounds is critical
as they are associated with different operational
problems within production, transport, refining and
storage of crude oil and its by-products. Different
analytical techniques for the characterization of the
compositional diversity of these samples, including
High Performance Liquid Chromatography (HPLC)
and two-dimensional Gas Chromatography (GCxGC),
are usually employed to characterize crude oil fractions
(Reddy et al., 2007). Despite HPLC have been used
to analyze heavy oils and vacuum residue fractions
(Ueda et al., 1991), conventional chromatographic
techniques allow addressing just bulk physicochemical
properties and have a better performance with low
boiling point fractions due to the samples complexity
that exponentially rises as their boiling points increase.
Additional techniques such as Nuclear Magnetic
Resonance (NMR), Fourier Transform Infrared (FTIR)
and X-ray Photoelectron Spectroscopy (XPS) are also
used for compositional characterization but, generally
previous separation and fractionation are needed (Pruski,
De la Rosa & Gerstein, 1990; Kelemen et. al., 1998;
D’Alessio, Vergamini & Benedetti, 2000). Techniques
such as Gas Chromatography (GC), Supercritical Fluid
Chromatography (SFC), among others have been
coupled to Mass Spectrometry (MS) to provide detailed
characterization of crude oil composition (Damsté et
al., 1999). However, GC and SFC are conceived for
petroleum distillates including heavy fractions (Dutriez
etal.,2010), while SFC has shown very poor resolution
capability for residual samples (Dutriez ef al., 2013).

Polar molecules in petroleum were first studied
using Electrospray lonization (ESI) mass spectrometry
by Zhan and Fenn (2000), because ESI selectively
ionizes acidic and basic polar heteroatom containing
compounds; however, deficient resolution power for
complete compositional assignment was an issue at the
time (Brown & Rice, 2000; Oro & Lucy, 2013). On the
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other hand, atmospheric pressure photoionization (APPI)
coupled to MS is well suited for the characterization of
aromatics (both polar and non-polar) and non-polar
species such as sulfur compounds in crude oils (Cunico,
Sheu & Mullins, 2004; Kim & Kim, 2010).

Chemical composition of petroleum kept unraveling
after the contribution of Comisarow and Marshall
(1974) who introduced and applied Fourier Transform
Ion Cyclotron Resonance Mass Spectrometry (FT-ICR
MS) to the study of petroleum; recently a term known
as “petroleomics” was coined to describe the technique,
since it responded to the resolution power drawbacks
(Marshall & Rodgers, 2004; Marshall & Rodgers, 2008).
Peaks that appear over a wide dynamic range introduce
complexity to the FT-ICR MS broadband spectra of
petroleum. Indeed, a single spectrum can contain more
than 50000 peaks. The ultrahigh mass resolution and
high mass accuracy capability of FT-ICR MS with
data visualization and interpretation tools facilitate the
identification of organic molecules in petroleum.

Molecular composition of different petroleum gas oils
have been studied by means of ESI and/or APPI coupled
to FT-ICR MS. Basic nitrogen containing compounds
were characterized by positive-ion ESI FT-ICR MS,
and these results were compared to those obtained by
Gas Chromatography Mass Spectrometry (GC-MS),
showing that only the major class N1 is totally detected
by both techniques (Bauserman, Nguyen & Mushrush,
2004; Shi et al., 2010). Moreover, Klein, Rodgers and
Marshall (2006) identified the hydrotreatment-resistant
heteroatomic species in a crude oil distillation cut by
both positive and negative ion electrospray ionization
FT-ICR MS, finding that these compounds typically
contain a single nitrogen atom within pyridinic or
pyrrolic moieties. In the present study, the molecular
composition of five colombian Medium Vacuum Gas
Oils (MVGO’s) was studied using 15T FT-ICR MS
coupled with ESI and APPI. The combined approach
led to the identification of numerous chemical
components in these samples and provided evidence of
the relationship between chemical composition of gas
oils such as aromaticity, maturity and biodegradation
and some of its macroscopic properties such as API
gravity. Additionally, the observed class relative
abundances matched well with the sulfur and nitrogen
content determined for the MVGO’s by conventional
methodologies. These preliminary approaches are here
reported for Colombian gas oils for the first time, and
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afford as insight that it is possible to obtain quantitative
information from FT-ICR MS.

2. EXPERIMENTAL SECTION

Samples and Characterization

MVGO’s 427 - 482 °C were obtained following the
method ASTM D5236-13 from atmospheric residual
(370°C+). Samples were characterized in terms of
density and sulfur and nitrogen contents. Sulfur and
nitrogen content were measured with an ANTEK 7000S
pyro fluorescence analyzer (ANTEK Instruments, Inc.,
USA) using the ASTM D5453-12 and ASTM D5762-
12 standard methods respectively, while density was
evaluated using the ASTM D287-12b method. MVGO’s
codification and determined properties are laid out in
Table 1. Basic nitrogen was determined according to
the ASTM UOP269-10.

FT-ICR Mass Spectrometry

Studies were conducted with a 15T SolariX FT-ICR
mass spectrometer from Bruker Daltonics (Billerica,
MA). Nitrogen was used as drying and nebulizing gas.
Argon was used in the collision cell and the prepared
samples were directly injected with a syringe pump
(Harvard, Holliston, MA). Stock sample solutions were
prepared by diluting the samples to a concentration of
~10 mg/mL in toluene.

For ESI analysis, 0.2 mg/mL solutions in methanol
were used and spiked with 1% (V/V) formic acid and
1% (V/V) ammonium hydroxide before sample loading,
to improve ion detection in positive and negative ion
mode, respectively. Both High Performance Liquid
Chromatography (HPLC) grade methanol and toluene
were purchased from Merck (Gibbstown, NJ). The
operating parameters for ESI positive analyses were
sample injection at a flow rate of 250 pL/h, drying gas
temperature of 150°C and spray voltage of -5000 V; the
skimmer voltage was set to 70 V to minimize in-source
fragmentation. lonized samples were accumulated in
the collision cell for 0.05 s and transferred to the ICR
cell with a 0.8 ms time of flight window (Table 2). ESI
negative analyses were carried out using a sample flow
rate of 450 pL/h, drying gas temperature of 200°C and
spray voltage of 4500 V; -60 V for skimmer voltage and
a time of flight window of 0.7 ms (Table 2).

In the case of APPI positive mode, stock solutions
were diluted with toluene to a final concentration of
0.2 mg/mL. Samples were injected at a flow rate of
200 pL/h, drying gas temperature of 200°C and spray
voltage of -2500 V, skimmer voltage was set to 25 V and
0.8 ms was used as the time of flight window (Table 2).

Data was acquired in broadband mode using 4
megaword data sets, with each mass spectrum resulting

Table 1. Properties of MVGO's.

Parameter CH TK C F Cu
Density (API) 13.1 13.9 14.7 18.1 25
Sulfur (%w) 2.69 1.53 1.85 1.06 0.3
Nitrogen (%w) 0.208 0.451 0.206 0.147 0.061
Basic Nitrogen (%w) 0.066 0.127 0.058 0.037 0.021

Table 2. Main operating conditions for each ionization mode.

lonization Flow rate TE,;Y ir;gmgfgie Spray voltage ~ Skimmer voltage  Time of flight
mode (uL/h) ?oc) ) (ms)
ESI (+) 450 200 4500 -60 0.7
ESI(+) 250 150 -5000 70 0.8
APPI (+) 200 200 22500 25 0.8
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from the sum of 100 scans. Internal spectral calibration
was performed using a homologous series CxHyO2
DBE 12 for ESI (-), CxHyN DBE 11 for ESI (+) and
CxHy DBE 8 for APPI (+) using Data Analysis version
4.0 (Bruker Daltonics). Peaks with relative abundance
higher than 10 times the S/N were exported to excel in
.acs format. Compositional assignment was done using
Composer software version 1.0.6 (Sierra Analytics,
Modesto, CA, USA) with 1 ppm tolerance.

3. RESULTS AND DISCUSSION

Figure 1 shows the combined positive-ion (right) and
negative-ion (left) ESI FT-ICR MS of MVGO CH. In
both cases more than 10000 peaks were detected with a
resolution power of 600000 at m/z (mass to charge ratio)
400. A wider and gaussian distribution of compounds is
observed in ESI (+), which goes from m/z 250 to m/z
700 with a maximum at around m/z 420. Regarding
ESI negative a non completed Gaussian distribution is
observed because some classes like N1 presents bimodal
distribution of their molecules. It is possible to resolve
and identify basic (right) and acidic (left) species.

Class distributions for the ESI spectra of the five
gas oil samples are displayed in Figure 2. The sum
of relative abundances (%) of all classes reported is
above 95 % and only the classes with more than 1 %

ESI (-)

abundance were reported. According to the data, the
most abundant class is N1 for both ionization modes.
ESI positive mode class distribution is governed by N1
class which are pyridinic compounds (basic nitrogen),
an average of 70 % relative abundance was obtained for
all samples; although there are other classes detected
(N2,N101,N1S1 and O1S1), and their abundances are
less than 10 %. In the case of ESI negative mode, three
classes with abundances over 10 % are detected. N1
class, pyrrolic compounds usually termed as “neutral
nitrogen” (slightly acidic from the ionization mode
achieved), revealed abundances between 35 % (CU)
to 60-70 % (CH, TK, C, F). Additionally, O1 and O2
classes, acidic oxygen compounds. i.e., phenols and
carboxylic acids, are present in these samples. CU was
found to show the highest O1 abundance, comparable to
the abundance obtained for N1. Even though the samples
were plotted in an increasing order of API gravity, none
of the classes followed a tendency.

N1, O1 and 02 Distributions in ESI Spectra

To compare the distribution of classes N1, Ol and
02 at the molecular level, data were further analyzed
using iso-abundance contour plots of DBE vs. carbon
number (Figure 3). The color intensity scale of the
plot represents the relative abundance observed in the
spectra. The Double Bond Equivalence (DBE) values
of the compounds were calculated by the expression
DBE =c—h/2 + n/2 + 1, for neutral molecules having

ESI (+)

-550 500 -450 -400 -350 -300 -250

m/z

300

600

350 400 450 500 550 650 700

Figure 1. Combined positive and negative ESI FT-ICR MS of sample CH.
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Figure 2. Class distribution obtained from ESI (a) positive and (b) negative.

a generic composition CcHANrOoSs. DBE basically
indicates hydrogen deficiency of a given molecular
formula namely related to aromaticity, and is commonly
used to study high-resolution mass spectra of crude oil
(Muller, Hajji & Koseoglu, 2007).
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Figure 3. Isoabundances contour plots of DBE vs. CN for members of the
N1, O1 and O2 heteroatom classes using negative mode ESI FT-ICR MS.
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In the case of N1 class compounds, DBE vs. CN
contour plots exhibit two intense distributions at DBE 10
and DBE 12. N1 class compounds with DBE 10 could
be assigned to naphtocarbazole structures and those with
DBE 12 to benzocarbazole structures. It is remarkable that
benzocarbazole molecules which additionally have less
carbon number and therefore lower molecular weights
are more intense than naphtocarbazole molecules. Having
into account that N1 compounds are the more abundant in
samples, this is the reason why the ESI negative spectrum
is not a Gaussian distribution (Figure 1). Hughey, Galasso

74

and Zumberge (2007) and later Pan et a/. (2013) used ESI
FT-ICR MS to probe nitrogen, sulfur, and oxygen (NSO)
compounds of both surface and reservoir biodegraded
oils, and according to this study, the presence of these
kinds of structures could be used as an indication of the
maturity of the corresponding starting crude oils. O1 is
the second most abundant heteroatom class detected by
negative ion ESI. O1 species are most likely components
with a hydroxyl functional group able to be deprotonated.
In general a continuous and broader DBE distribution is
observed for this class that starts in DBE 3 and finishes
at DBE 15 for all samples. O2 class could be assigned
to carboxylic and/or napthenic acids which are strong
acids among the polar acidic compounds in the samples,
and thus they are ionized by deprotonation much more
effectively than other less acidic compounds present
(Qian et al., 2008; Mapolelo et al., 2011). It is noticeable
how the carbon number shifted to higher CN values, as it
goes from 18 (CH) to 30 (CU). Also, DBE >8 distributions
are observed for the gas oils C and CU, which can be a
sign of the presence of highly condensate O2 compounds
within these two samples.

By plotting the class’s abundance against the DBE
distribution, it is possible to estimate the relative
concentration changes by DBE groups in the whole set
of samples. A reduction in total N1 species is revealed
by means of this plot following the order set up for the
studied samples (Figure 4). Moreover, this decrease in
the relative concentration of all N1 class components
is observed linked to an increasing API gravity of the
corresponding parent crude oils; hence, based on API
gravity, CU is the most mature sample while CH is the
less mature among the analyzed samples.
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Figure 4. Distribution of (a) N1, (b) O1 and (c) O2 class measured by ESI negative ion mode.

Distribution of O1 class compounds exhibits a
maximum DBE of 6 for CH, TK and C. For F and CU
DBE values are shifted to 7 and 12, respectively. Note
that CU covers a broader range of DBE. Because negative
ESl s less effective for ionization of hydroxyl compounds
compared to carboxylic acids, the high abundance of
Ol class species are likely due to high concentrations
of sterol-like compounds in the crude oil (Hughey et al.,
2002).

DBE distribution for O2 class compounds displays
its highest relative abundance for TK at DBE 3 (Figure
4). For CU a wider distribution was detected going from
DBE 1 to 16. O2 class highly condensed (DBE >10)
had an intensity non despicable for CU, which could be
related with biodegradation of the starting crude oil. It is
known that biodegradation could be assessed through O2
compound concentration, following a compositional shift
from high-condensed to low condensed O2 compounds,
therefore suggesting that TK and CU can be considered
as the more biodegraded crude oils (Vaz et al., 2013).

Despite the well-established FT-ICR MS characterization
of crude oil samples, to the best of our knowledge no
systematic studies have dealt with biodegradation in gas
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oils and its relation with their parent crude oils. Kim ez al.
(2005) were the first to propose a biodegradation index
based on O2 profile on crude oils, which was termed
the A/C ratio (acyclic to cyclic naphthenic acids). This
index is computed from the sum of ion abundances of the
acyclic (DBE = 1) O2 species divided by the sum of ion
abundances of the mono-, di-, and tricyclic acids (DBE
=2, 3, and 4, respectively). The A/C ratio showed a good
correlation with degree of biodegradation of some crude
oils, but its extension to the corresponding distillation
fractions has not been established. Taking into account
these results, we aimed to determine the relationships
for higher DBEs (>10) and lower DBEs (<10) for the
compound classes O1, O2 and N1 detected by ESI
negative mode. Values reported in Figure 5 correspond
to the ratio between the sum of intensities of DBE 11-20
and the sum of intensities of DBE 1-10 for the studied
MVGO’s. CU had high values for classes O1, O2 and
N1 indicating that its composition corresponds mainly to
molecules with high DBE, which certainly is associated
with its elevated maturity. Conversely, CH and TK had
the lowest values for API and the minor ratios for O1,
02 and N1. These results reveal that there is a correlation
between aromaticity in these classes and the API gravity
of the samples (Figure 5).
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Figure 5. Correlation between species with DBE>10 and DBE< 10 for the classes (a) O1, (b) O2 and (c) N1 and API gravity.
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Positive mode ESI is more sensitive toward basic
nitrogen compounds such as pyridine analogs (Shi ez al.,
2010). N1 compounds with DBE 7 had the maximum
abundance for TK, compounds to which quinolinic
structures can be assigned (Figure 6). DBE 10 presumably
naphtobenzoquinolines, was found most intense for CU
which is an indicative of higher aromaticity (Figure 6).
Samples TK, C and F showed maxima at DBE 9, which
can represent benzoquinolines and/or dinapthoquinolines.
Since CU displays the highest aromatic structure with
main compounds with DBE 10 within the N1 class
(naphtobenzoquinolines), it indicates that CU is the more
mature crude oil among the studied samples (Oldenburg
et al., 2014). This outcome is consistent with the results
obtained from ESI negative mode.

14 -

12

(@)
1

Relative abundance (%)

3 4 5 6 7 8 9 1011 121314151617 18
DBE

—h— C  —%— F

—a—CH ——TK —¥— CU

Figure 6. Distribution of N1 by ESI positive for the studied samples.

Class and DBE distribution in Positive-Mode APPI
FT-ICR MS Analysis

APPI class relative intensities are displayed in Figure
7. The graph shows only the main classes detected,
i.e., HC, S1, N1 and O1 (which were the radical cation
species). In general, for all samples aromatic hydrocarbon
(HC) class shows the highest abundance followed by S1,
N1 and O1. Sample CH displays the lower abundance for
class HC and higher abundance for sulfur compounds. Itis
noticeable how HC abundance rises as the API increases.
Once more CU showed the highest concentration of O1
compounds as determined via negative mode ESI.

Figure 8 shows a detailed distribution of HC, S1, N1
and O1 classes determined via APPI. DBE distribution
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Figure 7. Class distribution from positive mode APPI
analysis of MVGO samples.

for HC class has a maximum at 7 for CH, TK and F,
while for CU and C the DBE is shifted toward higher
values. These results suggest a different condensation
degree in CU and C respect to the rest of the samples,
which is consistent with a higher thermal maturity for
the CU sample, as discussed before.

Sulfur species such as benzothiophenes (DBE 6)
and dibenzothiophenes (DBE 10) are organic sulfur
compounds present in the oils and their relative
abundance are strongly affected by the level of oil
maturity (Radke & Willsch, 1991). Results from Figure
8 show that S1 class is more abundant and is dominated
by DBE 6 in CH, TK and C, which are the less mature
samples. As the maturity increases, the S1 class relative
abundance decreases, as it is perceived for F and CU
where higher DBE (10) dominates the distribution.

A similar trend, i.e., shifting toward more condensed
aromatic structures, is seen for N1 class. Gas oils CH
and TK are dominated by DBE 9 (quinoline structure).
At moderate maturity, sample C contains structures
with more aromatic cores, predominant within the
heteroatom class benzoquinolines (DBE 9). The more
mature sample CU exhibits DBE 13, which indicates
highly condensed aromatic core structures that might
be naphthodibenzoquinolines.

DBE changes toward more aromatic O1 structures
(most likely phenolic compounds) for CU are observed
while, CH and TK displays less aromatic compounds
for this class. It is important to recall that the same
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Figure 8. Distribution of heteroatom class compounds detected by APPI positive (a) HC, (b) ST, (c) N1, (d) O1.

trend was observed in ESI negative mode regarding O1
class. These findings allow to stand that aromatization
is again determined following thermal maturity, i.e.,
increasing APIL.

Finally, it is interesting to show a correlation between
the measured sulfur (ASTM D5453-12), nitrogen
(ASTM D5762-12) and the relative abundances of
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class S1 and N1 detected by APPI (+) (see Figure
9). This is a strong indicative that APPI (+) mode
could offer quantitative results for sulfur and nitrogen
compounds. Comparable results have been reported by
Muller et al. (2012) by FT-ICR MS using both APPI
and ESI ionization modes, affording a quantitative
characterization of the sulfur aromatic compounds
present in different gasoil samples.
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Figure 9. (a) Sulfur and (b) nitrogen content of the MVGO samples vs. the STand N1 class relative abundances measured by APPI positive mode.
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4. CONCLUSION

Bulk properties analytical techniques can provide
information about MVGO’s chemical composition;
however, not to molecular level detail. In contrast,
ESI and APPI FT-ICR MS provide detailed molecular
characterization of these samples. Here, we have
assigned and sorted molecular structures for five
Colombian MVGOQ's, rendering possible to follow
their biodegradation and maturity changes. We find that
polar compounds allowed differentiating the samples
according to class (N, S, and O) and type (DBE), and so it
was possible to propose the biodegradation and maturity
grades for their parent crudes. This study reveals that it
was possible to establish a correlation between density
(API gravity) and the ratio between the sum of intensities
of DBE 11-20 and the sum of intensities of DBE 1-10 for
N1 and O1 classes detected by ESI (-). Also, the relative
intensities for S1 and N1 by APPI (+) were correlated
with sulfur and nitrogen contents measured by ASTM
methods. These outcomes open the possibility to further
investigate a way to foretell and quantify the chemical
composition of MVGO samples.
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