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A B S T R A C T

The effect of solvent extraction on pore space was examined on a suite of samples from the Eagle Ford Shale Formation with varying lithologies and maturities.
Several solvents ─toluene, cyclohexane, methanol, dichloromethane, and hydrochloric acid─ were contacted with shale samples, extracting the compatible organic
matter. The porosity in these extracted shale samples was compared to unmodified samples. The amount and type of organic matter extracted were determined using
Gas Chromatography ─ Mass Spectrometry, and the porosity was determined by (Ultra) Small Angle Neutron Scattering. Mostly alkanes and aromatics were detected
in the extracts, but other portions of bitumen may also have been present. Only higher molecular weight alkanes were extracted with hydrochloric acid, suggesting
that physical dissolution of carbonate minerals may have liberated this portion of organic matter and the solvent was not able to penetrate the bitumen and kerogen
to extract the lower molecular weight alkanes. Additionally, a decrease in porosity with extraction was observed and attributed to a dominant mechanism of kerogen
swelling due to kerogen-solvent interaction.

1. Introduction

Hydraulic fracturing involves injecting large amounts of water with
organic and inorganic additives into shale formations to break them
apart and liberate oil and gas. Shale is a complex rock, composed of
multiscale pore systems, multi-mineral interfaces, and organic matter.
Fluid interactions within shale can alter pore structures and affect oil
and gas mobility by increasing or decreasing porosity. Understanding
the mechanisms of such fluid/pore interaction is, therefore, key to
improving extraction efficiency.

Although solvents are used in a wide range of processes in oil and
gas recovery, from hydraulic fracturing fluids to determining critical
parameters for recovery, such as permeability, the interaction of sol-
vents with shale pore space is poorly understood. To evaluate true
permeability, the oil and gas industry uses solvent cleaners (such as
CO2-toluene) on reservoir rocks, cycling the solvent through the rock
numerous times, with the intent of removing oil that is blocking the
entrance to pores. Like many methods used in the industry, this ap-
proach has been extended from conventional reservoir rocks, such as

sandstones and carbonates, to unconventional shale reservoirs with
much lower porosity and permeability [38]. These tests have yielded
results that are not, as yet, fully explained; most notably, a decrease in
permeability after solvent interaction [55].

Shale contains a host of minerals mixed with organic matter and
multiscale pore systems [4,6,17,59]. The organic matter found in shale
is classified into two portions, kerogen and bitumen, distinguished by
their solubility. Kerogen is the portion of organic matter that is in-
soluble in organic solvents, mostly due to its structural complexity and
high molecular weight (> 1000 Da). This definition of kerogen is based
on the industrial classification of organic matter, but it may be better
defined petrographically as a mixture of kerogen, solid bitumen, and
pyrobitumen [33]. For simplicity, it will be referred to hereafter as
kerogen. Bitumen is soluble in organic solvents, and is composed of a
mixture of asphaltenes, resins, and crude oil (or hydrocarbons), which
can be distinguished from one another by their molecular weight and
solubility [56]. Asphaltenes and resins have larger molecular weights
than crude oil, the most important component for energy generation,
which generally has a molecular weight less than 600 Da [56,45,22]. In
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addition to organic matter, a wide range of minerals can be present in
shale, including carbonates, clays, tectosilicates (quartz and feldspars),
sulfides, iron oxides, and other heavy minerals [59]. The organic matter
and mineral phases present are dependent on the depositional en-
vironment as well as the burial history of the shale (maturity).

Several studies have tried to remove all the organic matter from
shale using solvents in order to evaluate the organic-matter-filled por-
osity. Kuila et al. [27] extracted organic matter from five shale for-
mations (including the Haynesville and the Marcellus Shale in North
America) with sodium hypochlorite, evaluating porosity before and
after extraction with low pressure nitrogen adsorption, with the goal of
differentiating porosity in clay from that in organic matter. They ob-
served an increase in pore volume at some size ranges and a decrease at
others. The decrease was attributed to obliteration of porosity in or-
ganic matter with extraction, although the amount of organic matter
removed did not correlate to the observed porosity changes. Mohnhoff
et al. [39] determined porosity changes with helium pycnometry in the
Posidonia Shale (Germany) with flow-through experiments using di-
chloromethane. They found that porosity increased among the four
samples examined. Sun et al. [53] used several solvents in succession to
extract organic matter from the Shahejie Formation (China) and then
evaluated porosity with small angle X-ray scattering (SAXS). However,
they did not explain their procedure for determining pore size dis-
tributions. Additionally, shale samples have been submerged in aqu-
eous solvents to determine solvent-accessible pores versus inaccessible
pores with (ultra) small angle neutron scattering ((U)SANS)
[51,20,9,52]. Results from these studies could be impacted by solvent-
pore interactions.

DiStefano et al. [17] removed different portions of organic matter in
samples of the Eagle Ford Shale with targeted solvent extraction to
determine porosity development. They found that porosity did not al-
ways increase with extraction. In some cases, it decreased at all length
scales, implying that organic matter removal was not the only process
occurring. They suggested that the observed decrease in porosity may
have been caused by clay swelling due to solvent interactions.

It is clear from the above results that analysis of organic matter
porosity by extraction is not a simple procedure. However, since or-
ganic matter removal is key in determining how porosity and organic
matter are distributed in shale, understanding the mechanisms that
govern pore-solvent interactions will improve interpretation of results.
This work, therefore, seeks to understand how solvents interact with the
multiscale porosity in shale. Several solvents—organic and
aqueous—were used to extract different portions of organic matter in a
maturity suite of Eagle Ford Shale with varying lithologies. The porosity
of each sample was then evaluated using (U)SANS and compared to a
sample that was not contacted with any solvent. The type and amount
of organic matter extracted with each solvent was analyzed with Gas
Chromatography – Mass Spectrometry (GC-MS), and the amounts of
extracted organic matter were compared to the changes in porosity of
the rocks. DiStefano et al. [17] also evaluated pore space with SANS
after extraction with organic solvents, but this study extends the range
of pores examined by measuring larger pores with USANS and evaluates
additional solvents, including an aqueous solvent. The effects of solvent
extraction and interaction on pore space with various solvents provide
insight into the mechanisms of pore-solvent interactions.

2. Materials and methods

2.1. Sample preparation

Samples from six cores of Eagle Ford Shale were obtained from
Chesapeake Energy Corporation.1 Fig. 1 shows the approximate

locations in Texas from which the cores were recovered at depth. The
Supplementary material details how the samples were classified. Four
carbonate-rich (CARB 2, CARB 3, CARB 4, and CARB 5) and two clay-
rich samples (CLAY 2 and CLAY 5) were analyzed, with the numbers
corresponding to increasing maturity (reported as R0, an indication of
thermal maturity). Descriptions of each core, including sample desig-
nation, depth recovered, and maturity are provided in Table 1, and the
mineralogical compositions of the samples are given in Table 2. A
schematic of sample preparation and treatment is presented in Fig. 2
and further detailed in The Supplementary material. Five shale slices
from each sample were soaked in one of five solvents: toluene, cyclo-
hexane, methanol, dichloromethane, and 0.01M hydrochloric acid
(pH=2) for 11 days. Solvent properties are shown in Table 3. A sixth
slice was not contacted with any solvent and was used as a control.
Shale is extremely heterogenous, with mineralogy differing across
various bedding. In order to limit the variation among sample slices, the
six consecutive slices were cut, perpendicular to bedding. The porosity
in the shale samples were analyzed with (U)SANS and scanning electron
microscopy/backscattered electron (SEM/BSE) imaging. The remaining
solutions containing extracted organic material were analyzed using
GC-MS.

2.2. Analysis of solvent extracts with gas chromatography-mass
spectrometry

The solvents were analyzed by gas chromatography (GC) using an
Agilent 7890B gas chromatograph with a 5977A mass selective detector
(MSD) running Agilent MassHunter Acquisition software (version
B.07.00). Details of the analytical method are given in Table 4 and The
Supplementary material. The total ion chromatograms (TIC) were used
to quantify and compare the amount of organic matter extracted from
each sample. In order to quantify the amount extracted per gram of
shale and account for any solvent evaporation, amounts were normal-
ized to an internal standard, recovery standard, and the mass of the
shale extracted, discussed in The Supplementary material. The un-
certainty (± 30%) was quantified based on the variation (standard
deviation) of the peak areas of the internal standard in all the sample
chromatograms. Organic compounds detected ranged in mass from
undecane (156.31 amu) to pentatriacontane (492.96 amu). More com-
plex, higher molecular weight bitumen compounds, such as asphaltenes
and resins, may have been present in the samples but would not have
been observed in the GC-MS as their low volatility would have pre-
vented elution.

2.3. Scanning electron microscopy/backscattered electron (SEM/BSE)
imaging

Both the reacted samples and polished thin sections prepared from
them for (U)SANS analysis were imaged using a Hitachi S4800 scanning
electron microscopy in backscattered electron mode (SEM/BSE).
Comparison of the uncontacted and contacted samples provided insight
into porosity before polishing and the internal structure of the shale
samples. SEM images give us a qualitative understanding of the effects
of solvents on porosity and additional detail can be found in the
Supplementary material.

2.4. (Ultra)small angle neutron scattering porosity measurements

(U)SANS can be used to characterize pore structures of geological
material at scales ranging from 1 nm to 20 μm [49,48,7,5,4]. For this

1 Certain commercial equipment, instruments or materials are identified in
this paper to foster understanding. Such identification does not imply

(footnote continued)
recommendation or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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experiment, SANS measurements were performed on the NGB 30m
instrument [19] at the National Institute for Standard and Technology
(NIST) Center for Neutron Research (NCNR). USANS measurements
were performed on the BT5 USANS [11] instrument at the NCNR and

the BL-1A USANS instrument at the Oak Ridge National Laboratory
(ORNL) Spallation Neutron Source (SNS). The Supplementary material
details the conditions used for each instrument for analysis. The por-
osity of the samples was determined from the scattering curves as-
suming a two-phase system, with the majority of scattering occurring at
the pore/mineral interface [48]. Cumulative porosity and pore size
distributions (PSD) were determined using Irena, a computer software
[12,62,35,42,23,61]. Additional details are provided in the
Supplementary material.

3. Results

3.1. Gas chromatography-mass spectrometry results

Chromatograms of specific ion masses detected with mass-spectro-
metry can be extracted from the TIC of each solvent and used to identify
compounds. Several key chromatograms for the organic matter

Fig. 1. Approximate location of samples spanning the oil and gas windows. The circles represent the approximate location of the samples, with increasing numbers
corresponding to increasing maturity. These numbers also correspond to the sample designations in Table 1. The sample location designated with the 1 refers the
location of CARB 1 which will be investigated in a later study. As can be seen on the map, the samples span the petroleum window. This map was modified from the
original EIA version (U.S. Energy Information Administration (EIA), [57]).

Table 1
Samples.

Table 2
Sample lithology.

Sample %Clay %Carbonate %Quartz % TOC %Other %Illite/Smectite*

CARB 2 11.8 74.5 3.3 2.7 7.6 5.9
CARB 3 4.4 84.3 4.7 0.7 5.9 0.2
CARB 4 3.0 89.4 5.0 0.6 2.1 0.9
CARB 5 4.0 85.4 6.5 0.5 3.6 2.4
CLAY 2 21.1 51.8 15 7 5.1 10.4
CLAY 5 25.6 42.1 12.6 3.4 16.4 13.3

* %Illite/Smectite refers to the percentage of mixed clay mineral in the
shale.
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extracted with each solvent from the CARB 4 samples are shown in
Figs. 3–5. The chromatograms of all the other shale samples were
qualitatively similar. For each solvent, a progression of linear alkanes,
also called n-paraffins, was observed. This can be readily visualized in
the mass/charge (m/z)= 57 ion chromatogram representing the C4H9

+

fragment (Figs. 3 and 4). The molecular weight range of the extracted n-
paraffins differed among the solvents, and the greatest concentration of
components peaked at different chain lengths, indicating a preferential
extraction based on molecular weights. Methanol extracted some of the
lightest hydrocarbons, from tridecane (nC13) to tetracosane (nC24), with
the peak around octadecane (nC18). Dichloromethane extracted a
greater range of molecular weights, from undecane (nC11) to hen-
triacontane (nC31), with a peak around nonadecane (nC19). Cyclo-
hexane and toluene extracted similar portions of n-alkanes, with cy-
clohexane extracting a slightly lighter range than the toluene, from
pentadecane (nC15) to triacontane (nC30) versus heptadecane (nC17) to
dotriacontane (nC32). Both peaked around docosane (nC22). Finally,
hydrochloric acid extracted some of the heaviest n-paraffins from he-
neicosane (nC21) to dotriacontane (nC32), with a peak around tetra-
cosane or pentacosane (nC24/25).

Along with linear alkanes, branched alkanes are also common
components of oil and gas. The main branched species are isoalkanes, in
which a methyl group is attached to the second carbon [22]. Di-
chloromethane extracted the most isoalkanes, including 2-methylte-
tradecane (iC15), 2-methylpentadecane (iC16), and 2-methylheptade-
cane (iC18). Methanol also extracted some isoalkanes, including iC16

and iC18; however, some of these were not quantifiable due to the
fronting peak of the standards, discussed in further detail in the section
entitled Total Amount of Extracted Material.

Another group of branched alkanes extracted from the samples was
the isoprenoids, in which a methyl group is located every fourth carbon.
In all the organic solutions, pristane and phytane, common isoprenoid
biomarkers, were detected. Biomarkers are stable molecules derived
from formerly living organisms that are chemically and structurally
similar to the parent organic molecule. These are usually more resistant
to degradation and thus can be used to geochemically identify source
organic matter, depositional environment, and maturity. Pristane and
phytane are diterpanes (contain four isoprene subunits) and are thought
to be the remains of the side chain of chlorophyll [22].

Some aromatic compounds were also extracted from the shale

Fig. 2. Schematic of sample preparation. All six samples were prepared according to this schematic. Shale cores are not to scale.

Table 3
Solvent and organic matter characteristics.

Solvent/Organic matter Classification Dipole
moment♦ (D)

Solubility
parameter♦,+

(MPa)0.5

Water polar protic 1.85 47.87
Methanol polar protic 1.70 29.52
Hydrogen Chloride acidic 1.08 22.00
Dichloromethane non-polar 1.60 20.38
Acetone polar aprotic 2.88 20.05
Toluene non-polar 0.36 18.35
Cyclohexanes non-polar 0.61 16.93
anthracene 19.173
n-undecane 15.989
n-heptadecane 15.925
2-methyltetradecane 15.258
2-methylpentadecane 15.227
2-methylheptadecane 15.148
n-docosane 14.767
2,6,10,14-tetramethylpentadecane (Pristane) 14.173
triacontane 13.654

♦ Values taken from Yaws [60].
+ Solubility parameters are calculated as the square root of the heat of va-

porization divided by molal volume [24].

Table 4
GC-MSD method.

Component Settings

Injector 250 °C
Splitless
2.5 µL

Detector 340 °C
Column DB-1, 30m length, 0.250mm ID, 0.25 µm film

thickness
Solvent delay 5.0 min
Carrier gas UHP helium @ 16.37 psi
Oven Temperature program 50–325 °C @ 15° min−1

Hold at 325 °C for 5min
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samples, especially in the those contacted with toluene and cyclo-
hexane. The aromatic portion extracted by each solvent is apparent in
the m/z=77 ion chromatogram representing the C6H5

+ fragment
(with mass= 77, Figs. 4 and 5). Many of the peaks visible in these
spectra are not from the samples, but from the internal and recovery
standards. While the C6H5

+ fragment is only a small component of the
mass spectra of these standards, the large standard concentrations make
them clearly distinguishable. Additionally, the byproducts of the re-
covery standard, 2,4,6-tribromophenol discussed in The Supplementary
material, are apparent, including a bromobenzene compound in the
organic extractions, and several phenol compounds in the hydrochloric
acid extractions.

In the organic solvent extractions an additional compound was
identified as a polycyclic aromatic hydrocarbon (PAH). This could be
ethyl-anthracene, ethyl-phenanthrene, or phenyl-naphthalene. PAHs
are common components of bitumen and can have a range of attached
functional groups such as alkyl, nitro, and amino groups [46,43]. These
compounds are very similar chemically, so it is not possible to distin-
guish between them using the techniques employed here.

Toluene and cyclohexane extracted very similar portions of aro-
matics, mirroring their alkane extraction behavior, although cyclo-
hexane appears to have extracted more aromatics than toluene.
However, analysis of the cyclohexane blank showed evidence of con-
tamination, including some methylated benzene rings, 1,1′-
Bicyclohexyl, phthalate, and silane. This is not surprising as 1,1′-
Bicyclohexyl and phthalate have previously been identified as im-
purities in cyclohexane solvents in the 0.1 ng per mL range [36]. The
silane compound may be a byproduct of column breakdown [40].

A high molecular weight compound appeared in both the m/z=57
(Fig. 3A and B) and the m/z=77 chromatograms in all of the toluene
and cyclohexane extractions (Fig. 5A and B). The mass spectrum for this
compound is shown in the Supplementary material. Its main compo-
nents include m/z=57, 191, 316, and 647. The m/z=57 indicates the
presence of C4H9

+ fragments while the m/z=191 indicates tri-, tetra-
or pentacyclic terpane, all common biomarkers in oil [58,22,30]. A
demethylated tetracyclic terpane, with a molecular ion at m/z=316,
has also been identified in severely biodegraded oils [63,2] Finally, the
m/z=647 could be due to two molecular ions (m/z=316) connected

by an oxygen atom. As demonstrated by Laakia et al. [30] in the
identification of unusual biomarker compounds in oil, co-elution of
biomarkers can make identification of specific molecules difficult,
especially without employing advanced gas chromatography techni-
ques such as two-dimensional gas chromatography-time of flight mass
spectrometry (GC x GC-TOFMS) [30].

3.1.1. Total amount of material extracted
As described in The Supplementary material, the amount extracted

from each sample was quantified using the peak area in the total ion
chromatogram (TIC), normalized by the recovery standard, internal
standard, and initial rock mass. The amounts extracted with each sol-
vent from each rock sample are presented in Figs. 6 and 7. There are,
however, some limitations to these data. Unfortunately, quantification
of peaks in the TIC requires that a high concentration of the component
be present relative to background. Thus, some of the components ob-
servable in the m/z=57 and m/z=77 chromatograms (Figs. 3–5)
were not observable in the TIC. Additionally, some hydrocarbons in the
methanol solutions were not quantified because their peaks could not
be resolved from those of the standards due to peak broadening. This
could be because the nonpolar standards were not completely dissolved
in the methanol and thus eluted earlier than samples with a nonpolar
solvent as the mobile phase. The components that were not quantified
in the TIC are marked in gray in Figs. 3–5.

3.2. (U)SANS porosity

3.2.1. Cumulative porosity
The cumulative porosity was calculated from the PSD curves, again

using Irena [23] (Supplementary material). The cumulative porosity
represents pores in the size range examined, about 2.5 nm to 8.2 μm in
diameter. Fig. 8 shows the measured and normalized (to 100%) cu-
mulative porosities of the uncontacted samples, with the Irena [23]
calculated uncertainty. Additional uncertainty in the cumulative por-
osity is introduced due to the variation of organic matter present in the
samples. Fig. 9 shows the change in porosity after contact with the
solvents; negative numbers correspond to decreases in porosity with
extraction, which has previously been observed in shale samples

Fig. 3. Ion chromatogram (m/z=57) for organic solvent extractions from CARB 4. A) Toluene, B) Cyclohexane, C) Methanol, and D) Dichloromethane. The
compounds identified in gray were not included in quantification because they were impurities, byproducts of the standards, standards themselves, or were obscured
by the standards peak in the total ion chromatogram (TIC). Pr stands for pristane and Ph stands for phytane. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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contacted with organic solvents [17,27].
In order to better understand the differences in pore sizes among the

uncontacted samples as a function of maturity and composition, the
cumulative porosity is displayed by breaking the total porosity into
several pore size ranges (Table 5) similar to those defined by DiStefano
et al. [17]. Samples CLAY 2 and CLAY 5 have the largest total poros-
ities, but the relative porosities of all samples (Fig. 8B) are relatively
consistent for all of the samples.

Significant changes were observed in the cumulative porosities of
the shale samples after contact with solvents (Fig. 9). Total cumulative
porosity decreased with extraction across all solvents for the clay-rich
samples, with dichloromethane causing the greatest decrease in por-
osity for both. Organic extraction in the carbonate-rich samples in-
creased total porosity in some samples while decreasing it in others, and
in CARB 3 and CARB 5 some solvents increased porosity, while others
caused little change. For CARB 2, the only solvents that caused a sig-
nificant change were methanol and, to a lesser extent, cyclohexane,
which increased and decreased the porosity, respectively. Porosity in
CARB 4 was only affected by toluene, which caused a decrease.

3.2.2. Pore size distributions (PSD)
The distribution of pore sizes was primarily bimodal in all samples

in the range examined, which is typical for shale [16,26,54] although it
is evident that a series of larger, somewhat distinct pore sizes also exist,

which clearly make up a large fraction of the total porosity as shown in
Fig. 8. Fig. 10 shows the PSD of one representative sample as an ex-
ample. The smaller peaks in Fig. 10 at larger sizes indicate that the
number of such pores is fewer than that of the smaller pores, but their
larger diameters contribute proportionately more to the total volume.
The first peak in the PSD of the shale samples had medians ranging from
3.1 nm in CLAY 2 contacted with methanol to 7.43 nm in CLAY 5
contacted with dichloromethane. The median pore size in the second
peak had a much greater variation between samples and will not be
discussed in detail. The porosity of the first peak in the distributions
correlates to the percentage of clays in the samples (P-value < 0.05),
so it may be due to broken edges of elementary clay layers in tactoid
stacks [8,14,41,28]. Fig. 11 shows the porosity in this range for each
sample and solvent. There was no significant change in porosity for
CARB 3, CARB 4, and CARB 5 with extraction, but there was a decrease
with solvent extraction in CARB 2, CLAY 2, and CLAY 5.

4. Discussion

4.1. GC-MS analysis of extracted organic matter

As expected, the type of organic matter extracted with each solvent
varied as a function of the solvent properties, including polarity and the
solubility parameter (calculated as the square root of the heat of

Fig. 4. Ion Chromatograms (m/z=57 and 77) from Hydrochloric acid Extraction for CARB 4. A) m/z=57 and B) m/z=77. The compounds identified in blue were
not included in quantification because they were impurities, byproducts of the standards, standards themselves, or were obscured by the standards peak in the total
ion chromatogram (TIC). PAH stands for polycyclic aromatic hydrocarbon. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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vaporization divided by molal volume) [24,60]. This is most clearly
shown by the portions of alkanes and aromatics extracted. Methanol,
the only polar solvent, and the solvent with the highest solubility
parameter, was only able to extract short-chain n-paraffins, which also
have higher solubility parameters (Table 3). It did not extract much of
the longer, heavier n-paraffins, which are more nonpolar and hydro-
phobic, and immiscible in methanol, which explains the small extrac-
tion amounts observed (Fig. 6).

The nonpolar solvents─ dichloromethane, toluene, and cyclo-
hexane─ extracted more material than methanol (cf. [17]) (Fig. 6).
Except for CLAY 2, the amount extracted with the various solvents
followed similar trends. Dichloromethane extracted the greatest
amount of material from all the samples, with the largest range of n-
paraffins (Fig. 3). Dichloromethane is commonly used to extract Total
Petroleum Hydrocarbons (TPH) in sediment and water due to its

miscibility with petroleum hydrocarbons [1]. Toluene and cyclohexane
have very similar properties with solubility parameters in the range of
the n-paraffins (Table 3), and they extracted similar portions of alkanes
and aromatics and similar total amounts of organic matter. The ex-
ception is sample CLAY 2, in which cyclohexane extracted much more
material than the other nonpolar solvents (Fig. 6). Comparison of the
chromatograms, however, reveals that the all three nonpolar solvents
extracted similar compounds in CLAY 2. The difference was only about
0.05 μg, which is within analytical error. Thus, the nonpolar solvents all
behaved similarly.

The total amount of alkanes and aromatics extracted with the or-
ganic solvents from each of the samples does not show any observable
trends with maturity. However, as expected, there was a positive cor-
relation (P-value < 0.05) between the initial TOC and the amount
extracted by each solvent (Fig. 12), which explains why so much more

Fig. 5. Ion chromatogram (m/z=77) for organic solvent extractions from CARB 4. A) Toluene, B) Cyclohexane, C) Methanol, and D) Dichloromethane. The
compounds identified in red were not included in quantification because they were impurities, byproducts of the standards, standards themselves, or were obscured
by the standards peak in the total ion chromatogram (TIC). Pr stands for pristane and Ph stands for phytane and PAH stands for polycyclic aromatic hydrocarbon. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Organic matter extracted with organic sol-
vents. The amount of organic matter extracted, in
micrograms, with the organic solvents per gram of
shale. The boxes above the bars indicate the starting
amount of total organic carbon (TOC). The error bars
are calculated by the variation (standard deviation)
in the peak area of the internal standard across all
samples.
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organic matter was extracted from CLAY 2 (TOC=7%). This was less
pronounced in the methanol extraction, but methanol was the least
compatible organic solvent with the organic matter present in the
samples. Besides the initial organic carbon, small differences in the
amounts extracted could be due to accessibility of the hydrocarbons or
the miscibility of the solvents with the organic matter present in the

samples.
The hydrochloric acid showed the highest amount of extraction

among all the solvents (Fig. 7). However, the difficulty in quantifying
the recovery standard for normalization, discussed in The
Supplementary material, prevents direct comparison between the hy-
drochloric acid and the organic solvent data. Since byproducts of the
standard were used to normalize the amount extracted, the totals are
probably overestimated. Additionally, the aqueous hydrochloric acid
solution only extracted long chain, high molecular weight hydro-
carbons (Fig. 4) which have low solubility parameters and are more
hydrophobic and are thus expected to be the least compatible with
hydrochloric acid (Table 3). The Eagle Ford Shale is very carbonate-rich
compared to other shale gas plays, and the interaction of hydrochloric
acid with this carbonate-rich matrix leads to the dissolution of the
carbonate materials, altering the distribution of organic matter ex-
tracted. The lighter hydrocarbons extracted with the organic solvents
were not extracted with the hydrochloric acid, suggesting that the hy-
drochloric acid was not able to penetrate the bitumen and kerogen to
extract the lighter portion of organic matter. Just as with the organic
solvents, there was a positive correlation (P-value < 0.05) between the
amount of alkanes and aromatics extracted with the hydrochloric acid
and the TOC of the uncontacted samples (Fig. 7).

In considering the relationship between the amounts of organics
extracted and changes in porosity, it must be remembered that larger
molecular weight molecules such as asphaltenes and resins would not
be detected in the GC-MS because their elution times are much longer
and they would be trapped in the injection port. Organic solvents have
been shown to extract polyaromatic resins and asphaltenes using dif-
ferent methods of extract analysis. Mohnhoff et al. [39] extracted three
shale samples from the Posidonia Shale in Germany with di-
chloromethane and analyzed the extracts with Thin-Layer Chromato-
graphy (TLC) utilizing a Flame Ionization Detector (FID). They de-
termined that 30-60% of the amount extracted was resins and
asphaltenes. While these were different shale samples that had been
crushed to improve extraction, it is possible that some resins and as-
phaltenes were extracted in this work. The extraction of this organic
matter likely altered the porosity but was not quantified in the ex-
tractants [17].

4.1.1. Solvent-clay interactions
The pore structure of shale may be affected by a number of chemical

and physical processes between solvents and the matrix, including re-
actions between the clay interlayers, water, and organic and inorganic
molecules in the solvents [25]. These interactions may be further
complicated by organic matter stored in or sorbed to clay particles,
which may play a role in the initial preservation of organic matter in
sediments [21]. Understanding the alteration of pore space during
solvent contact may shed light on the mechanisms of interaction

Fig. 7. Organic matter vs. initial organic carbon content in the samples con-
tacted with hydrochloric acid. The amount of organic matter extracted, in
micrograms, with the hydrochloric acid per gram of shale as a function of TOC.
The error bars are calculated by the variation (standard deviation) in the peak
area of the internal standard across all samples. P-value < 0.05.

Fig. 8. Porosity of the Uncontacted Samples across the Ranges of Porosity. A)
shows the total porosity across the ranges of pore sizes and B) shows the nor-
malized porosity. Uncertainties in porosity were calculated in Irena by running
multiple fits to the data, varying the data by adding Gaussian noise.

Fig. 9. Change in cumulative porosity after contact with solvents. Uncertainties
in porosity were calculated in Irena by running multiple fits to the data, varying
the data by adding Gaussian noise.

V.H. DiStefano et al. Fuel 238 (2019) 298–311

305



between the clay minerals in shale and solvents.
Smectite is a common clay mineral found in shale and its structure

both allows exchange of interlayer cations and structural expansion due
to intercalation of water or other fluids between the clay layers [3],
decreasing surrounding porosity. Water solvates cations in the inter-
layer and bonds to external clay surfaces [15]. Additional expansion
can occur in acidic solvents such as hydrochloric acid, from which
hydrogen can exchange with interlayer cations. Cations in the solution,
such as calcium from dissolved carbonate, can also exchange with in-
terlayer cations [3].

Organic solvents have also been demonstrated to expand clay layers,
although to a lesser extent than aqueous solvents [25]. The chemical
affinity between clays and organic solvents depends on the structure of
the solvent (i.e. molecular weight, chain length, functional groups such
as pi bonds in aromatic rings, and aqueous phases present) [25]. Sol-
vation or coordination of interlayer cations and hydrogen bonding be-
tween silicate layers and hydroxyl functional groups in neutral organic
molecules is possible if the energy of adsorption is large enough to
overcome the interaction between clay layers [3]. This has been ob-
served for benzene and toluene, which form stable complexes through
pi bonds with the copper ion in copper (II) montmorillonite, a type of
synthetic smectite [18]. However, this only occurred in clays with ex-
cess negative charge due to isomorphic substitution (i.e. Na+ for Ca2+)
[18]. Additionally, alcohols have been demonstrated to expand clay
layers [13] and chemically reduced smectites have been demonstrated
to adsorb polychlorinated alkanes and alkenes [15].

DiStefano et al. [17] proposed that clay expansion was the dominant
process causing the decreased porosity observed with solvent extrac-
tion. While clay-rich samples showed the greatest decrease across all
solvents and length scales, if clay expansion controls porosity decrease,
hydrochloric acid should cause the greatest decrease due to water

intercalation and cation exchange. This was not observed in either the
total porosity changes (Fig. 9) or in the changes in solvent extraction in
the first PSD peak (Fig. 11). Additionally, total porosity also decreased

Table 5
Defined ranges with approximate pore diameters and porosity for uncontacted samples.

Pore diameter (Å) Pore diameter (nm) Porosity in uncontacted samples (%)

CARB 2 CARB 3 CARB 4 CARB 5 CLAY 2 CLAY 5

25–51.5 2.5–5.15 0.21 0.00 0.07 0.01 0.68 0.19
51–92.6 5.1–9.26 0.06 0.07 0.10 0.05 0.20 0.22
92.6–590 9.26–59 0.68 0.21 0.54 0.22 0.95 1.25
590–2740 59–274 0.94 0.36 1.48 0.32 2.20 2.22
2740–82,000 274–8200 3.37 0.80 3.68 0.92 7.77 8.51

Fig. 10. Pore size distribution for a representative uncontacted sample (CLAY 2). This sample shows a bimodal distribution of porosity. Uncertainties in porosity were
calculated in Irena by running multiple fits to the data, varying the data by adding Gaussian noise. Note: porosity is normalized by the diameter of the pores.

Fig. 11. Porosity due to pores in the first peak of the bimodal pore size dis-
tributions for the contacted and uncontacted samples.
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in sample CARB 4 with toluene extraction, although it had the lowest
clay content of all the samples (3.0%). As such, another mechanism
must have contributed to the decrease.

4.1.2. Solvent-kerogen interactions
Kerogen cannot be extracted from shale with organic solvents due to

its complex, cross-linked macromolecular network [10]. It is a complex
polymeric material composed of non-repeating PAH units with bridging
and side functional groups [10]. Both isolated kerogen and kerogen in
oil shale swell extensively when immersed in organic solvents [31,10].
This has been shown to follow regular solution theory, which predicts a
maximum in swelling at the solubility parameter of the polymer [10].
Kerogen swelling is therefore another possible mechanism for porosity
decrease in shale.

To test the possibility that kerogen swelling affected porosity in our
samples, the absolute decrease in porosity in CLAY 2 and CLAY 5 was
plotted against the solubility parameters of the solvents. Excluding
hydrochloric acid, the results seem to follow regular solution theory
demonstrating a maxima of swelling (Fig. 18), which is similar to re-
sults reported by Ballice [10] and Larsen and Li [31]. The maxima,
around 20MPa0.5, is near the reported solubility parameter of kerogen
from other shale (19.43MPa0.5) [10]. Deviations may be due to clay
layer expansion. This was discounted due to evidence that mineral
matter does not decrease kerogen swelling [31], but the clays may have
increased the effects of swelling on porosity. These results suggest that

kerogen swelling is a key factor in the porosity decrease observed
during shale interactions with solvents.

4.1.3. Hydrochloric acid interactions
The decrease in porosity in the samples reacted with HCl is not fully

explained by either clay-layer expansion or kerogen swelling.
Hydrochloric acid, as an aqueous solvent, is expected to expand clay
layers and, as a hydrogen bonding solvent, to enhance kerogen swelling
compared to predictions from regular solution theory [10]. However,
the opposite appears to have been the case (Fig. 18), possibly because
swelling was offset by carbonate dissolution or extraction of resins and
asphaltenes, but the extent to which these processes altered porosity is
unknown.

4.2. Porosity of the uncontacted samples

As shown above, the (U)SANS data can be used to determine por-
osity as a function of pore diameter, assuming only two phases are
present in the rock. This assumes the square of the difference in neutron
scattering length densities (the scattering contrast) between empty
pores and the rock matrix is the greatest contribution to scattering,
which is not always the case. Radlinski and Hinde [47] demonstrated
that the neutron scattering length density in organic matter decreases
with decreasing carbon to hydrogen ratios. As such, empty pores and
pores filled with alkanes will contribute similarly to scattering, i.e. they
have similar scattering length densities [47]. More complex organic
matter has increasingly large scattering length densities, and thus may
behave more like the rock matrix [47]. Thus, the porosity determined
by (U)SANS is an apparent porosity, which includes pores filled with
alkanes and aromatics.

The cumulative porosity of the uncontacted samples shows no dis-
tinguishable trend with maturity (R0=0.77–1.57), although other
studies have noted such trends over larger maturity ranges [34,6].
Mastalerz et al. [34] used gas adsorption to show a decrease in porosity
from R0= 0.35 to 1.15, followed by a porosity increase to R0=1.41.
They attributed this increase to transformations within organic matter
[34,50]. As just noted, porosity changes within bituminous organic
matter are unlikely to be quantified with (U)SANS. Anovitz et al. [6]
also observed a decrease in porosity from R0=0.58 to 0.77 in both clay
and carbonate-rich samples from the Eagle Ford shale, but a relatively
constant porosity to R0=1.57 using (U)SANS. This suggests that most
of the porosity changes with maturity in shale observable with (U)SANS
may occur at lower maturities than those in this study.

While trends with maturity were not identified, the mineralogical
composition of the shale may have partially controlled the porosity. As
demonstrated by Kuila et al. [29], clay minerals are a large source of
shale porosity. Among our samples CLAY 5 had the most porosity with
12.4%, while CLAY 2 had 11.8%. This difference could be attributed to
the amount of clay in the samples (25.6% in CLAY 5, 21.1% in CLAY 2).
The porosities of the carbonate samples are all similar, but there are
differences with maturity. CARB 2 (5.3%) and CARB 4 (5.9%) have
similar cumulative porosities but, as noted by Anovitz et al. [6], the
large TOC content of CARB 2 (2.7%) relative to CARB 4 (0.6%) could
account for much of the reported porosity since pores filled with al-
kanes and aromatics would scatter like empty pores. Additionally, the
higher maturity shale samples (CARB 4 and 5) had a greater proportion
of large pores (∼0.3 μm) and the lower maturity shale samples (CARB 2
and 3) had a greater proportion of smaller pores. This could reflect both
changes in clay mineral structure and the generation of petroleum, and
the larger pores could be forming as oil and gas is generated and
trapped or expelled from the source rock.

As exemplified by CARB 3 and CARB 5, the composition of the shale
may play an important role in the total porosity. Figs. 13 and 14 show
the correlation between total porosity and the percent clay, pyrite,
carbonate, and TOC in the rock. There is a positive correlation (P-va-
lues < 0.05) between the total porosity and the percentage of clay,

Fig. 12. Initial TOC vs. the amount of organic matter extracted in the organic
solvents. P-values: cyclohexane < 0.005, methanol < 0.05, toluene < 0.005,
and dichloromethane < 0.01.

Fig. 13. Increase in porosity due to shale composition. Uncertainties in porosity
were calculated in Irena by running multiple fits to the data, varying the data by
adding Gaussian noise. P-values: % Pyrite, TOC, & Clay < 0.05.
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pyrite, and TOC, and a negative correlation (P-value < 0.05) with the
percentage of carbonate. The relationship between clay and porosity is
not surprising as pores between clay particles and clay aggregates are
often observed in shale [27–29]. Additionally, in this case, it reasonable
that any trend with respect to the percent of clay would be reversed in
the carbonate percentage, since in all of the samples 70% of the mi-
nerals are clay and carbonate. Mastalerz et al. [34] saw similar trends
when they excluded the most and least mature samples from their
sample set. The trend of increasing porosity with increasing TOC is also
reasonable. As noted, pores filled with alkanes and aromatics will ap-
pear in (U)SANS to be empty pores, although, other studies based on
approaches other than (U)SANS have reported a similar correlation
[44,37,27]. Finally, the pyrite only made up a small percent of the shale
compositions, ranging from 0.2 to 2.8% (included % Other in Table 2),
but the correlation between porosity and percent pyrite in the samples
could be due to pores or organic matter within the pyrite framboids
(4–28 μm) observed in the SEM/BSE images (Fig. 15). Pores between
various sizes of pyrite aggregates have previously been reported to have
an important effect on multiscale porosity observed in shale [32], and
our results support that conclusion.

An additional correlation (P-value < 0.07) between the amount of
organic matter extracted and the initial porosity of the samples could be
an artifact of these mineralogical relationships. However, it may

indicate that the initial accessibility of the pores can impact the amount
of hydrocarbons extracted. Further investigation into this trend is ne-
cessary for substantiated conclusions.

4.3. Comparison to previous studies

The amount of organic matter extracted with the organic solvents in
DiStefano et al. (2017), ∼2.5mg/g, is an order of magnitude higher
than the mass extracted here, ∼0.25 μg/g, using some of the same
solvents. Differences in the quantification of the organic matter can be
attributed to the methods employed in the two studies. The recovery
standards added to the solvents in this study was expected to improve
the quantification of the organic matter extracted compared to the
methods in DiStefano et al. (2017). The recovery standards were added
to the solvents before the shale samples were extracted and the total
amount of organic matter extracted was normalized to the initial con-
centration of the recovery standards. This accounted for any evapora-
tion of solvent in the samples, which may have caused the quantifica-
tion of organic matter extracted in DiStefano et al. (2017), without the
recovery standard, to be higher. This explains the large differences in
amount extracted determined from the two studies. While the mass of
organics extracted in each chapter is not directly comparable, both
studies showed that more organic matter was extractable in the clay-
rich samples than in the carbonate-rich samples and in DiStefano et al.
(2017), the most organic matter was extracted from the low maturity
samples. Additionally, in both studies, methanol extracted the least
amount of organic matter.

The porosity of the uncontacted samples varied with maturity and
lithology. While the porosity of the samples from DiStefano et al.
(2017) and this work analyzed slightly different pore ranges, the
measured porosities were in the range of the porosities determined from
the same shale samples in other studies. Anovitz et al. [6] investigated
all of the samples examined in DiStefano et al. (2017) and this work,
excluding CLAY 5 (which replaced another high-maturity clay-rich
sample that was no longer available). Porosities determined by Anovitz
et al. [6] were reported in two orientations, the Z- and Y- orientations
discussed in Supplementary material, for pore sizes that ranged from
1 nm to 20 μm (Fig. 16). As shown in Fig. 16, the porosities reported in
DiStefano et al. (2017) and this work were in the range of or lower than
the porosities from the two orientations reported by Anovitz et al. [6].
This lower porosity can be attributed to the smaller range of pore sizes
examined, 2 nm to 1.4 μm in DiStefano et al. (2017) and 2.5 nm to
8.2 μm in this study. Anovitz et al. [6] showed a significant drop in
porosity as maturity initially increased, followed by relatively constant
porosity values across maturity. The drop in porosity observed in An-
ovitz et al. [6] was also observed in the carbonate-rich samples (CARB
LM and CARB HM) in DiStefano et al. (2017), but it was observed in a
lesser extent in the clay-rich samples (CLAY LM and CLAY HM). Ad-
ditionally, in all three studies, the clay-rich samples exhibited greater
overall porosity than the carbonate-rich samples (DiStefano et al., 2017;
[6]). Finally, the similar porosities across various samples of the same
shale indicate that, although shale is very heterogenous, the Eagle Ford
Shale has similar porosity across the formation, thus the uncontacted
samples may be compared to the contacted shale.

4.4. Solvent-pore interactions

Significant changes in porosity occurred after solvent extraction
(Fig. 9). As noted by DiStefano et al. [17], extracting only alkanes and
aromatics from shale may not significantly alter the porosity measured
by (U)SANS. The GC-MS analyses of the solvent extracts revealed that
alkanes were, indeed, the primary OM extracted and quantified, al-
though as noted above larger bitumen molecules extracted would have
been excluded from this quantification. Thus, no trends are to be ex-
pected between the amount extracted and the changes in porosity [17].
However, Fig. 17 shows that there was, indeed, a negative correlation

Fig. 14. Decrease in porosity due to shale composition. Uncertainties in por-
osity were calculated in Irena by running multiple fits to the data, varying the
data by adding Gaussian noise. P-value:< 0.005.

Fig. 15. SEM/BSE images of pyrite framboids in polished thin sections. A and B
show pyrite framboids in the CARB 5 sample with diameters of 8 and 28 μm,
respectively. C shows a 12 μm framboid found in the CARB 5 sample after
contact with hydrochloric acid and D shows a 5 μm framboid in CARB 3.
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(P-value < 0.005) between change in the (U)SANS porosity and the
amount of organic matter extracted. If larger bitumen molecules were
extracted, an increase in porosity should have been observed, but many
of the solvents yielded a decrease in porosity (Fig. 9), suggesting pore
space closure. The mechanism for this decrease is not well understood
but could be due to solvent-clay or solvent-kerogen interactions.

4.5. Porosity changes caused by solvent interaction

DiStefano et al. [17] proposed several mechanisms for the porosity
changes observed in their (U)SANS experiments: (1) complete break-
down of asphaltenes and resins, (2) dissolution and migration of resins
and asphaltenes, or (3) the incomplete or partial breakdown of organic
matter. They suggest that a complete breakdown, dissolution, and mi-
gration of resins and asphaltenes are dominant. However, as alkanes
and aromatics are removed and solvents interact with matrix-bound
kerogen, kerogen may also swell into spaces previously occupied by the
alkanes and aromatics. This may explain why porosity decreased with
increased alkanes and aromatics extraction with the organic solvents
(Fig. 17) and may be the dominant cause of porosity changes. Other mechanisms that may influence porosity change include clay layer ex-

pansion, extraction of resins and asphaltenes, and mineral dissolution,
as in the case of hydrochloric acid.

5. Conclusions

In this work the effects of solvent extraction on porosity in the Eagle
Ford Shale was examined by comparing solvent-extracted to un-
extracted samples, and the type and amount of organic matter extracted
were compared to the porosity changes. The effects of mineralogy, or-
ganic matter type, and maturity were considered. Additionally, the ef-
fects of maturity and lithology on unaltered pore space was examined in
the uncontacted samples.

A range of solvents was used to determine how solvent properties
affected the amount and type of organic matter extracted. Only alkanes
and aromatics were detected in the extract using Gas Chromatography –
Mass Spectrometry (GC-MS); however, other results suggested that
heavier hydrocarbons were also extracted. The methanol extract con-
tained mostly light alkanes and extracted the smallest amount as me-
thanol is the organic solvent least compatible with the organic matter
present in the samples. The other organic solvents, dichloromethane,
toluene, and cyclohexane, all extracted similar amounts of organic

Fig. 16. Porosity comparison. Porosity is compared to the porosity determined on the same samples analyzed by DiStefano et al. and Anovitz et al. [6].

Fig. 17. Effect of extraction of alkanes and aromatics on porosity. uncertainties
in porosity were calculated in Irena by running multiple fits to the data, varying
the data by adding Gaussian noise.

Fig. 18. Decrease in porosity as a function of solubility parameter. The triangles
(▲) represent CLAY 2 extractions and the circles (●) represent the CLAY 5
extractions. The swelling roughly follows regular solution theory, except the
hydrochloric acid extractions outliers (open triangle and circle, see the text).
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matter, with toluene and cyclohexane extracting more aromatics.
Dichloromethane may have extracted slightly more than the other
solvents due to its compatibility with the organic matter present. The
aqueous solvent, hydrochloric acid, extracted the longest alkane chains.
This portion of organic matter is the most hydrophobic and thus che-
mically incompatible with the aqueous hydrochloric acid, thus, physical
dissolution of carbonate minerals may have liberated heavier organic
matter. The lighter hydrocarbons were not extracted with the hydro-
chloric acid, suggesting that the hydrochloric acid was not able to pe-
netrate the bitumen and kerogen to extract the lighter portion of or-
ganic matter. The amount of alkanes and aromatics extracted also
correlated (P-values < 0.05) with the amount of total organic carbon
(TOC) present.

For the uncontacted samples, composition, rather than maturity,
controlled total porosity. There were statistically significant positive
correlations (P-values < 0.05) between the amount of porosity and the
TOC, clay, and pyrite content. Porosity between clay stacks, in organic
matter, and within pyrite framboids is most likely the cause of these
trends. Additionally, there was a correlation (P-values < 0.07) be-
tween initial porosity and the amount of alkanes and aromatics ex-
tracted with the solvents. This could be due to the pore accessibility or
reflect the dependence of porosity and amount extracted on TOC.

After extraction, shale porosity increased with some solvents and
decreased with others. Mechanisms of pore-solvent interaction, espe-
cially with aqueous solvents, include clay layer expansion, extraction of
bitumen, and mineral dissolution. However, as more alkanes and aro-
matics were extracted from the samples, the change in porosity de-
creased, possibly because matrix-bound kerogen swelled to fill spaces
once filled with bitumen. This mechanism seems to dominate pore-
solvent interactions in the Eagle Ford Shale.

This study has shown how minerals and organic matter in shale may
interact with solvents producing unintended consequences, such as
decreases in porosity. Any decrease in porosity may be detrimental to
oil and gas recovery by sealing off escape pathways. Solvents and fluids
that are injected underground may be used to reduce these effects. To
improve the efficiency of oil and gas extraction, kerogen swelling, as
the main mechanism determined in this work to govern porosity de-
creases, may be controlled by using solvents with targeted solubility
parameters to decrease swelling. For example, solvents such as cyclo-
hexane and toluene can be used instead of dichloromethane as they
tend to swell shale less while extracting a comparable amount of or-
ganic matter. Additionally, solvent-free fluids may be utilized for oil
and gas recovery to prevent or lessen kerogen swelling, such as inert
gases. This greater understanding of the Eagle Ford Shale formation can
hopefully improve the efficiency of oil and gas extraction.
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