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ABSTRACT: Enhanced oil recovery is strongly dependent on the
wettability of reservoir rocks. Detailed molecular characterization
of organic species from crude oil adsorbed onto reservoir rocks
could provide a better understanding of the mechanisms that
connect wettability changes to increase in oil production, especially
in low-salinity water flooding techniques. Here, we present a
protocol for the direct analysis of liquid and solid samples to obtain
information at the molecular level from rock powder samples put
in contact with crude oil. Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) is a powerful
analytical tool extensively used in the analysis of crude oil and
petroleum fractions. In this work, a laser desorption ionization
(LDI) source was used to analyze crude oil and rock powder
samples put in contact with crude oil. It was observed that in positive detection mode, crude oil and powder samples have very
similar molecular compositions. Conversely, negative detection mode revealed that rock powder solvent extract is enriched with
highly aromatic nitrogen species and with naphthenic and fatty acids, when compared to crude oil.

■ INTRODUCTION

It is well known that polar compounds from crude oil can
adsorb onto the reservoir rock surface. Atomic force
microscopy experiments showed the formation of organic
layers on the mineral surface for both sandstones (and
sandstone-like surfaces)1 and carbonate rocks2,3 after contact
with crude oil compounds. An important effect of these
adsorptions is the change of rock wettability toward a more
hydrophobic behavior.2

Klimenko et al.4 investigated the impact of the adsorption of
endogenous species extracted from three different crude oils on
the wettability of different mineral surfaces (silica and calcite).
Three different methodologies were used to assess the
wettability behavior of the samples. All of them demonstrated
an increase in oil wetness after contact of the rocks with the
extracted material from crude oils. The adsorption of benzoic
acid onto a calcium carbonate powder was studied by Legens
et al.5 An increase of water contact angle was observed when
the powder was treated with the benzoic acid solution in
toluene, indicating a change of the powder wettability toward a
more oil-wet surface. Similar changes were observed by Al-
Shirawi et al.6 when carbonate surfaces were treated with
stearic acid.
Wettability change plays a key role in the improvement of oil

production through the use of enhanced oil recovery (EOR)
techniques, especially for the low-salinity water flooding

strategies. The displacement of crude oil by the injection
fluid is favored when the reservoir rock has a hydrophilic or
intermediate wettability.7,8 However, even in laboratory tests,
low salinity water flooding does not lead to an increased oil
production in all cases, and a clear understanding of the
mechanisms is missing. Therefore, a detailed molecular
description of the species adsorbed to the rock surface should
shed light on which factors of a crude oil-brine-rock system are
important in improved oil recovery. Fourier transform ion
cyclotron resonance mass spectrometry has been extensively
used in petroleomics.9−20 The outstanding resolving power
and mass accuracy provided by Fourier-transform ion cyclo-
tron resonance (FT-ICR) instruments enable the character-
ization of the incredibly complex mixtures found in the oil
industry. However, reports of the ultrahigh-resolution mass
spectrometry molecular characterization of crude oil species
adsorbed onto rock surfaces are not abundant in the literature.
Insoluble solid samples can be directly or indirectly analyzed

by mass spectrometry. In the latter case, solvent extraction
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protocols are frequently employed to allow for the analysis of
species extracted from the sample surface.21,22 In spite of its
versatility in terms of ion sources that can be used, solvent
extraction is not sufficient to extract the totality of molecules
present at the sample surface, and thus, information can be
lost.
Through the years, several inlet systems and ion sources that

allow for the direct analysis of insoluble solid samples by mass
spectrometry have been developed. In the late 1950s, direct
insertion probe (DIP) started to be used to insert the sample
vial into the ion source,23 enabling the direct volatilization and
ionization of molecules from the surface of the solid sample.
Currently, the combination of DIP to atmospheric pressure
ionization techniques, as APPI and APCI, is extensively used to
analyze solid and complex samples like biomass24,25 and
vacuum residues of crude oil distillation.26 In the last two
decades, the development of new ion sources has expanded the
capabilities of the direct analysis of solid samples. For example,
direct analysis in real time (DART)27,28 and desorption
electrospray ionization (DESI)29 do not require sample
preparation and have been successfully employed in the
study of complex organic matrixes.30−32

In the 1960s, the ability of lasers to evaporate and ionize
solid samples was applied for the first time to mass
spectrometry.33,34 This was the dawn of laser desorption
ionization (LDI). LDI is a solvent-free ionization source that
has been extensively used for the characterization of crude oil
and nonvolatile samples in petroleomics.9,10,35−40 It has also
been used to analyze natural organic matter (NOM) from solid
samples.41

In this work, a protocol for the direct analysis of carbonate
rock powder that was put in contact with crude oil is proposed,
and a laser desorption ionization (LDI) source coupled to FT-
ICR is used. Rock powder after contact with crude oil was
directly analyzed and compared to crude oil itself. A
comparison of direct and indirect analysis of the rock powder
is also presented in this paper.

■ EXPERIMENTAL METHODS
Crude Oil Sample. Crude oil A used in the experiments and

sample preparation was provided by TotalEnergies. It is a drill stem
test (DST) sample (therefore free of pollution by production
chemicals), and it was kept in the dark at room temperature. Its
properties and SARA compositions are described in Table 1. SARA
fractions were determined by thin layer chromatography coupled to a
flame ionization detector (TLC-FID), which provides the gravimetric
composition (% wt.) of the saturates, aromatics, and polars. The
amount of asphaltenes was determined separately by precipitation
with n-pentane. The gravimetric yield of resins was determined by
subtracting the amount of asphaltene recovered from that of the polar
fraction determined by TLC-FID.
Rock Sample. An analogue carbonate rock (not a reservoir rock),

provided by Petrocores, was used for the sample preparation. The
supplier indicates a porosity of 16−19% and a permeability of 1.5−3
mD. The rock core was crushed into grains of 1 mm by a jaw crusher
and reduced to a finer powder by a vibration ball mill. The powder
was then sieved, and particles with granulometry between 40 and 100
μm were collected and used as the nontreated powder.

Coated Powder Sample. Nontreated powder was then aged in
crude oil A as follows. Nontreated powder was macerated with no
agitation in formation water (Table 2), at 83 °C for 24 h (50 g of

powder/50 mL of formation water). The excess of water was then
recovered with a Pasteur pipet. The wet powder was then macerated
in crude oil at 83 °C, with no agitation for 10 days (50 g of powder/
50 mL of crude oil). At the end of this time, the treated powder was
recovered by Büchner filtration over a hydrophobic PTFE filter. To
remove the excess of crude oil remaining between the grains, the
powder was rinsed with a heptane:toluene mix (50:50 in volume) in
the proportion of 30 mL for 50 g of powder (sufficient to completely
cover the powder sample before suction). Both solvents were of
HPLC grade. The powder was then dried at 50 °C for 24 h to yield
the treated rock powder.

Solvent Extraction. Solvent extracted species from the treated
rock powder were also analyzed. Solvent extraction was carried out
with a dichloromethane:methanol mix (50:50 in volume), and both
solvents were of HPLC grade. The proportion of 50 mg of powder to
1 mL of solvent mix was used. The mixture was agitated and allowed
to rest overnight. The supernatant was analyzed as the rock powder
extract.

Mass Spectrometry. MS analyses were carried out on a FT-ICR
Solarix XR from Bruker, equipped with a 12T superconducting
magnet.42−44 Data was acquired by the software FTMS control
(Version 2.2, Bruker). All spectra were recorded with a transient time
of 3.4 s, with a mass range from m/z 150 to 1300, resulting in a
resolving power of 1 000 000 at m/z 400. The FT-ICR instrument is
equipped with a laser desorption ionization source with a laser
Nd:YAG × 3 355 nm (Bruker Smartbeam-II).

For the LDI acquisition in positive mode, the following parameters
were applied: plate offset at 100 V, deflector plate at 200 V, laser
power was optimized according to the sample and the values of 18
and 24% were, respectively, applied to liquid and solid samples, laser
shots were set at 400 and 1000 for liquid and solid samples
respectively, frequency of laser shots at 2000 Hz, funnel 1 at 150 V,
and skimmer 1 at 15 V. Crude oil samples were deposited on the LDI
target according to the dry droplet method (1 μL of crude oil diluted
in toluene [1:100]). Powder samples were directly deposited on the
target and crushed with a pestle for a better adhesion to the plate.

For negative LDI, laser power and the number of laser shots were
set at 32% and 600, respectively. The following parameters were
applied: plate offset at −100 V, deflector plate at −200 V, funnel 1 at
−150 V, and skimmer 1 at −15 V. For each final spectrum, in both
positive and negative detection modes, a sum of 200 scans was
recorded.

Bruker Data Analysis 5.1 software was used to process the spectra
obtained. Peak picking was done with a signal-to-noise ratio (S/N) of
>6. Mass spectra were internally calibrated with confidently assigned
signals of reference mass lists, and all mass errors were less than 100
ppb. The tool SmartFormula, from Data Analysis, facilitated
molecular formula assignment. The following parameters were
applied: molecular formulas C0−xH0−yN0−2O0−4S0−2, even and odd

Table 1. Properties of Crude oil A

μ (cP)
(60 °C)

density (g cm−3)
(60 °C)

TAN
(mg KOH g−1)

TBN
(mg KOH g−1) saturate (% wt.) aromatic (% wt.) resins (% wt.) asphaltenes (% wt.)

4.88 0.8398 0.54 1.73 59.7 28.5 9.1 2.7

Table 2. Salt Composition (g L−1) of Formation Water Used
in the Aging Process of the Powdera

salts (g L−1) formation water

NaCl 60.3
MgCl2·6H2O 13.6
CaCl2·2H2O 16.8
TDS 90.7

aTDS is the total dissolved solid.
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electron configuration, 0 < H/C < 3, and error tolerance of 500 ppb.
Data obtained after molecular formula assignment was treated with

the help of CERES Viewer 1.9 (Computing Enhanced Resolution
Spectra). Double bond equivalents (DBE) vs C# colormaps and

Figure 1. Broadband (left) and enlarged (right) mass spectra of crude oil A and rock powder in both positive and negative LDI FT-ICR MS.

Figure 2. Relative abundance diagrams of chemical classes found in crude oil and rock powder in both positive (top) and negative (bottom)
detections modes. The insert in the diagram on top shows the relative abundance of summed odd- and even-electron ions detected in positive
mode for each chemical class. Error bars are standard deviation from three replicates.
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relative abundance diagrams of each chemical class were generated for
a better interpretation of the analyses results. DBE was calculated as
follows:

c
h n

DBE
2 2

1= − + +
(1)

where c, h, and n are the numbers of atoms of carbon, hydrogen, and
nitrogen, respectively. For the relative abundance diagrams, the
following equation was used:

N
N

relative abundance 100i= ×
(2)

where Ni is the intensity of chemical class i, and N is the intensity of
all chemical classes.

■ RESULTS AND DISCUSSION
Laser desorption ionization coupled to a 12 T FT-ICR was
used to analyze the molecular composition of rock powder
after contact with crude oil A. Crude oil A was also analyzed
for comparison. Both positive and negative detection modes
were employed. First experiments showed that the direct LDI
(+) analysis of the rock powder requires a much higher laser
power than the analysis of the crude oil sample. This is most
likely due to the energy required to break noncovalent
interaction between the rock powder and the crude oil
molecules. In order to obtain consistent results, a systematic
investigation of signal intensity as a function of laser power was
carried out (Figure S1). This showed that a significant shift in
ionization threshold was obtained between both samples. In
order to obtain similar conditions, a laser power of 18% and
24% was chosen for crude oil and rock powder, respectively.45

The same investigation was performed in negative mode, but
no signal was obtained from the direct analysis of rock powder.
Therefore, a solvent extraction using DCM and MeOH was
carried out (vide infra).
Figure 1 (left) shows the broadband mass spectra obtained

from crude oil and rock powder. In positive mode, the two
samples have quite similar spectra. In both cases, about 10 000
peaks were detected with a distribution centered at m/z 350.
Crude oil mass spectra obtained in negative mode contain a
major contaminant peak at m/z 473.2827. After molecular
formula assignment, it was identified as C28H42PO4

−, possibly
corresponding to bis(2,4-ditert-butylphenyl) phosphate, a
compound originated from production chemicals used by the
oil and gas industry (Irgafos 168).46

LDI spectra obtained in negative mode were far more
complex than in positive mode (Figure 1 bottom, right). Both
odd- and even-electron ions are formed by laser desorption/

ionization.47−50 Odd-electron ions are dominant in positive
mode with a slight increase in the formation of even-electron
ions for the rock powder. The higher laser power required to
analyze this sample seems to favor protonation (Figure S2). In
addition, the presence of the solid matrix (the powder) could
also have an effect on the formation of even electron ions. In
negative mode, even-electron ions ([M − H]−) are the most
abundant.48−50

Figure 2 presents the relative abundances of different
chemical classes detected in crude oil and rock powder in
positive and negative modes. “HC+•” denotes hydrocarbon
radical cations; “N1

+•” is for radical cations with one nitrogen
atom. Even-electron ions correspond mostly to protonated [M
+ H]+ and deprotonated [M − H]− molecules and are denoted
as [N1 + H]+ or [N1 − H]−. Hydrocarbons and nitrogen
containing species represent more than 90% of the ions
detected in positive mode. These results are in agreement with
the high sensitivity of LDI toward nitrogen species.51 A
decrease in the relative abundance of N1 species is observed in
the rock powder, when compared to the crude oil. This can be
due to a change in molecular composition of the crude oil
adsorbed on the rock powder or to the nondesorption of some
nitrogen species during the analysis of the powder. To verify
these hypotheses, a solvent extraction using dichloromethane
and methanol was carried out, and the rock powder extract was
analyzed by LDI (indirect analysis of the rock powder). The
decrease in N1 relative abundance was not observed in the rock
powder solvent extract, which suggests that part of the nitrogen
species is not desorbed during the direct analysis of the rock
powder (detail in Figure 2). The increase of protonated
hydrocarbons and nitrogen species observed in the direct
analysis of rock powder may be due to the higher laser power
required for its analysis (Figure S2). A greater diversity of
chemical classes is revealed in negative mode. O1 radical ions
(most likely phenols) are present in a lower relative abundance
for the rock powder extract. However, it is enriched with acidic
O2−4 species, when compared to crude oil.
Figure 3 shows the DBE vs carbon number distributions of

N1 class compounds obtained from LDI (+) analysis. Species
with a DBE lower than nine were not detected, because their
ionization energies are higher and are not efficiently ionized by
LDI.51 The N1 distributions obtained for crude oil and both
direct and indirect analysis of the rock powder are nearly
identical, centered in DBE 12. These results reveal that the
decrease of N1 relative abundance observed in the direct
analysis of rock powder (Figure 2) does not affect its DBE vs

Figure 3. DBE vs carbon number distributions of N1 species obtained during the LDI (+) analysis of (a) crude oil, (b) rock powder, and (c) rock
powder DCM/MeOH extract. The black line indicates the planar aromatic limit (PAH line52).
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carbon number distribution. HC and O1 distributions present
similar behavior (Figure S3).

Neutral nitrogen species such as alkyl-carbazoles were
observed in LDI (−) (Figure 4 top). Crude oil is rich in
alkyl-benzocarbazoles (DBE 12) and alkyl-dibenzocarbazoles
(DBE 15). Similar results were obtained by Cho et al. from the
analysis of crude oils using LDI (−) coupled to FT-ICR.51

Rock powder extract, however, is enriched in dealkylated di-,
tri-, and tetrabenzocarbazoles (DBE 15, 18, and 21,
respectively). These highly aromatic species, found along the
PAH line, primarily report to the asphaltene fraction of crude
oil.16 There are two main possible explanations for the
differences observed between crude oil and rock powder
extract N1 distributions. First, during the preparation of the
treated rock powder (vide supra), more aliphatic and alkylated
species were washed from the powder during the rinse step. In
this case, the stronger adsorption of dealkylated di-, tri-, and
tetrabenzocarbazoles (DBE 15, 18, and 21, respectively) to the
powder surface might be favored by the lone pair (lp)−π
interactions between the oxygen atoms of the mineral surface
and the aromatic rings of the adsorbed species.53 The second
explanation for the differences observed between the two
samples is that the DCM/MeOH mixture did not extract the
more aliphatic species from the powder surface. The direct
analysis of the powder rock by LDI (−) would provide a better
understanding of these results. Unfortunately, as mentioned
before, no signal was obtained from the direct analysis of the
rock powder by LDI (−).
In the case of carboxylic acids, an opposite trend is observed

(Figure 4 bottom). Rock powder extract is depleted of highly
aromatic O2 species, and it is enriched with species at DBE 1
and 2, i.e., fatty and naphthenic acids, respectively. Collins et
al.54 observed an increase of fatty acids in the composition of
crude oil recovered from a tertiary low salinity waterflooding,
which indicates that these species are strongly adsorbed onto
the rock surface. The results presented herein support this
hypothesis.
Wicking et al.22 used a multistaged solvent extraction to

analyze the organic matter adsorbed to a sandstone reservoir
rock surface by ESI (−). They found that the rock surface was

depleted of alkyl carbazoles and phenols. Parts b and c of
Figure 5 reveal a narrowing of rock powder extract N1O1 DBE
distribution, indicating a decrease of highly alkylated (higher
C#) species when compared to crude oil (Figure 5a). Similar
behavior is noted for the O1 (phenol) species (Figure S4).

■ CONCLUSIONS
For the first time, laser desorption ionization LDI (±) was
used to characterize crude oil molecules adsorbed onto
carbonate rock surface, and a majority of nitrogen, hydro-
carbons, and oxygen species were detected. The comparison
between direct and indirect (solvent extract) analyses of the
rock powder, in positive mode, revealed that part of the N1
species was not desorbed by the laser during direct analysis.
However, no differences were observed between the DBE vs
carbon number plots of these samples. Therefore, the direct
analysis of rock powder samples by LDI (+) could be an
alternative to the analysis of rock powder solvent extracts.
No signal was obtained from the direct analysis of the rock

powder in LDI (−). The comparison of crude oil to rock
powder extract in negative mode showed that the powder is
enriched with highly aromatic carbazole-like species (DBE
greater than 15). π−lp interactions between these molecules
and the mineral surface could explain their strong adsorption
to the powder. However, the potential utility of solvent
extraction in these results cannot be discounted, as it revealed
that the powder extract was enriched with low DBE carboxylic
acids, at DBE 1 and 2, i.e., fatty and naphthenic acids. Thus,

Figure 4. DBE vs carbon number distributions of deprotonated N1
(top) and O2 (bottom) species obtained during the LDI (−) analysis
of (a) crude oil and (b) rock powder DCM/MeOH extract. The black
line indicates the planar aromatic limit (PAH line52).

Figure 5. DBE vs carbon number distributions of deprotonated N1O1
species obtained during the LDI (−) analysis of (a) crude oil and (b)
rock powder DCM/MeOH extract. The black line indicates the
planar aromatic limit (PAH line52). Carbon number distribution at
DBE 18 is presented in (c). Error bars are standard deviation from
three replicates.
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further investigation is needed to clarify the differences
observed between crude oil and rock powder extract samples.
Similarly, the use of alternative ion sources/modes, such as ESI
(−), should be evaluated to determine if they provide unique
and/or complimentary information about the acidic species
adsorbed on the carbonate rock surface.
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Nathaniel Terra − Pôle d’Études et de Recherche de Lacq
(PERL), TotalEnergies, 64170 Lacq, France; Université de
Pau et des Pays de l’Adour, IPREM UMR 5254, Hélioparc
64053 Pau, France; International Joint Laboratory iC2MC,
Complex Matrices Molecular Characterization, TRTG,
76700 Harfleur, France; Normandie Université, COBRA,
UMR 6014 et FR 3038, Université de Rouen, INSA de
Rouen, CNRS, IRCOF, 76130 Mont Saint Aignan, France;
orcid.org/0000-0001-8463-4681

Leticia M. Ligiero − Pôle d’Études et de Recherche de Lacq
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(24) Castilla, C.; Rüger, C. P.; Lavanant, H.; Afonso, C. Ion mobility
mass spectrometry of in situ generated biomass pyrolysis products.
Journal of Analytical and Applied Pyrolysis 2021, 156, 105164.
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