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ABSTRACT: Much more than any other form of carbon, kerogen undergoes
considerable chemical and structural evolution during natural maturation. Some
properties, such as gas adsorption and transport capacity, which are very important
for key energy and environmental issues in the context of shale hydrocarbon
recovery or CO2 sequestration, may therefore depend significantly on maturity.
Here, we report on an extension of a recent work by Atmani et al. [Energy
Fuels2020, 34, 1537−1547] in which we use the replica exchange molecular
dynamics method to investigate the natural evolution of a softwood lignin model
up to a largely overmature state with H/C = 0.13. We discuss in details the
production of a fluid during the process and the evolution of the kerogen texture,
structure, and properties via a detailed analysis of nine kerogen models of
increasing maturity. We show that the kerogen is composed of small aromatics,
branched by aliphatic chains, and is mostly nonporous in its immature state. It becomes increasingly aromatic during evolution, up to
creating a percolating ring network at the overmature stage, while progressively increasing in porosity. In the final state, the
overmature kerogen is highly porous, and the results suggest the presence of mesopores, even though the latter could not be
captured due to the limited size of the simulation cell. The series of type III kerogen models produced in this work, with maturity
ranging from immature to overmature, can be used in future work to investigate gas adsorption and transport properties.

■ INTRODUCTION
Despite being by far the most abundant form of carbon on
Earth, the structure and properties of kerogen1 are less well
investigated than those of other forms of natural carbon, like
coal or graphite. However, the sudden development of
unconventional fuels in the early 2000s2−4 has marked a
significant regain of interest for this fossil carbonaceous solid,
which encloses most of the targeted gas/oil within its porosity
in so-called shale deposits. While the nature of the minerals,
accounting for more than 90% of the mass in shale,5 is
obviously important regarding the efficiency of the hydro-
fracking process in recovering oil and gas, kerogen is thought
to play an essential role. Hydrocarbons are so tightly adsorbed
within the kerogen matrix that it is generally assumed that a
vast majority (more than 90% in some cases6,7) of the
hydrocarbons are not recovered due to the low permeability of
the kerogen in common shale plays. This has motivated a
considerable amount of interest in the properties of kerogen
over the past two decades.8−11

Although in some countries, unconventional gas and oil are
still considered acceptable alternatives to more polluting
energy resources (i.e., coal),3 climate change is leading many
decision-making actors to move away from fossil fuels.
Nevertheless, there still exist some greener perspectives for
unconventional fuels, and especially those based on enhanced
gas recovery via high-pressure CO2 injection, which would

ensure natural gas supply at low environmental impact via
long-term sequestration of CO2 in a coalbed or kerogen.6,12−14

Investigating kerogen properties, especially gas adsorption,
transport, and mechanical properties, requires separating
kerogen from the minerals in shale, which is achieved through
complex and aggressive chemical treatments.15 Furthermore,
such demineralization is often incomplete, contaminating some
characterization data with intense signals from mineral
impurities, as in the case of X-ray diffraction.16 Also, kerogen
may present a wide range of compositions and textures,
depending on the parent organic matter (OM) and burial
history.1 Obtained samples may thus be heterogeneous. Oil
and gas-prone kerogen is usually classified into three main
categories, depending on the sedimentary environment, which
differ in their evolution (or maturation) pathways on the van
Krevelen diagram.17 Type I kerogen is from lacustrine
environments and has the largest H/C and lowest O/C
content. Type III kerogen arises from terrestrial deposits and
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has the lowest H/C and largest O/C content, while type II
kerogen, from marine deposits, shows an intermediate
evolution pathway. During evolution, kerogen produces fluid
(water, carbon monoxide, and dioxide as well as hydrocarbons)
while losing most of its H and O contents (as well as other
heteroelements like sulfur and nitrogen). Meanwhile, the
kerogen structure evolves from a branched polymeric macro-
molecular compound to an aromatic carbon.1

Molecular simulations have shown great capacity to
complement analytical research as well-defined microstructures
can be prescribed in simulations. Thermodynamic,18 mechan-
ical16,19 as well as gas adsorption20 and transport21,22

properties of kerogen have been investigated using molecular
simulations. Central to all of these studies is the use of three-
dimensional (3D) atomistic representations of the kerogen
microstructures, with the most widely used so far being those
of Ungerer et al.18 Following earlier works by Beh́ar and
Vandenbroucke23,24 and Siskin et al.,25 Ungerer et al.18

proposed a series of digital kerogen molecules that were
constructed according to the compositions and chemical
functions reported in Kelemen et al.10 These molecules can be
packed together via molecular dynamics (MD) simulations to
create bulk kerogen models of various types and maturities.
Bousige et al.16 proposed atomistic models of four different

samples by a reconstruction technique, the hybrid reverse
Monte Carlo (HRMC) method, aiming at reproducing pair
distribution functions derived from diffraction experiments.
Although less accurate than the “molecular” models, from the
point of view of chemical functionalization, Bousige’s models
form 3D-connected periodic models, which more accurately
account for porosity and mechanical properties than the
“molecular” models, which are all based on relatively small
molecules with a mass of about (2−3) × 103 g/mol only.
More recently, Atmani et al.26 proposed an original approach

based on the replica exchange molecular dynamics (REMD)
simulation technique, coupled with reactive molecular
dynamics (RMD), that allow simulating the evolution of OM
under the temperature and pressure of kerogen formations.
While RMD is often used to simulate organic matter
pyrolysis,27,28,30−37 the limitation of RMD simulations to
time scales well below the millisecond requires performing the
simulations at high temperatures, typically in the 2000−3000 K
range, where the thermodynamic conditions are so different
from those prevailing in experiments that comparison of results
is usually delicate.27,29 In the REMD method, high temper-
atures are also used to accelerate chemical reactivity, yet the
same system is run in parallel at many temperatures, from the
one of interest (typically the one relevant to kerogen
maturation) up to a maximum temperature at which chemical
reactions take place within a ps time scale. Then, during the
simulation, an exchange mechanism operates between replicas
operating at close-by temperatures, ensuring that all replicas
are driven to their own equilibrium states. Using REMD,
Atmani et al. simulated the geological evolution of cellulose26

and lignin,38 two important constituents of type III OM, up to
mature kerogen (atomic H/C ∼ 0.5), unraveling unprece-
dented details on kerogen formation and evolution mecha-
nisms, as well as on the nature and quantity of the produced
fluid. Here, Atmani et al.’s simulation of lignin evolution is
significantly extended, from 1.3 ns of REMD time in ref 38 to 7
ns, allowing one to capture most of the metagenesis stage (H/
C < 0.5). We describe in what follows the details on the fluid
production and kerogen property evolution up to a highly

overmature stage with H/C = 0.13. We add that in the
maturity domain considered here, typical of metagenesis, all
kerogen types show very similar behavior, albeit differing in
texture.1 Therefore, most of the presented results, excluding
discussions on texture, apply to kerogen in general, whatever
its origin. Note that metagenesis is the last stage of kerogen
maturation. It corresponds to the conversion of organic matter
to dry gas, mostly. Metagenesis occurs at temperatures in the
range of 423−473 K.

■ COMPUTATIONAL METHODS
The calculations presented in this work are the continuation of the
work presented recently in Atmani et al.;38 the methods are essentially
the same. We briefly recall here the main elements. The thermal
maturation of lignin was investigated with REMD using a lignin
model constructed by equilibrating an assembly of 18 prototype
molecules of softwood lignin, with the composition C90H100O31,
proposed by Crestini et al.39 These molecules were inserted in a large
orthorhombic box with periodic boundary conditions and then
compressed at 25 MPa and 423 K using MD in the NPT ensemble for
about 100 ps. The equilibrated system was then subjected to REMD
for 1300 ps. In this simulation, 96 replicas of the system were
simulated in parallel in the canonical ensemble at the same
composition (number of atoms N), volume (V), and increasing
temperature (T) from 423 K, for replica 1, to 3500 K for replica 96,
with exponential temperature spacing. At regular intervals, attempts to
exchange the configurations of adjacent replicas were performed and
accepted or rejected with the canonical acceptance criterion,40,41

ensuring that each replica is driven toward its underlying canonical
distribution. Doing so, the evolution of the system at the temperature
of interest is considerably accelerated, and one can observe the
conversion of OM into kerogen within a few hundreds of ps (REMD
time), against millions of years in nature. More precisely, REMD
trajectories can be seen as a succession of metastable states of
decreasing Helmholtz free energy in the path to equilibrium,42 yet
there is no guarantee that the true thermodynamic equilibrium is
reached.

An important limitation in REMD simulations is that the constraint
of working at constant volume leads to unrealistic pressure
development, up to a few hundred MPa, in the system because of
fluid production during maturation. This issue was dealt with by
interrupting the REMD process every 200 ps, relaxing the 423 K
replica at the target pressure (using 100 ps NPT runs), and then, the
REMD process was relaunched with all of the replicas reinitiated with
the configuration of the relaxed 423 K replica.38 Using this strategy,
we observed the evolution of the kerogen up to a relatively high
maturity level with atomic H/C and O/C ratios of about 0.5 and 0.02,
respectively (compared to 1.11 and 0.34 for lignin). Yet, after a few
hundred ps, the system showed no more evolution. Especially, the
metagenesis step, where a clear increase in the rate of H/C vs O/C
evolution in the van Krevelen diagram is expected,1 was not observed
in the simulation. These results clearly indicate a slowdown in the
evolution kinetics near metagenesis. However, the regular reinitializa-
tion of the REMD process due to the pressure relaxation steps may
hinder the evolution of the system in a stage where evolution kinetics
is slow compared to the frequency of pressure relaxation steps. In this
work, we present results of the continuation of the REMD simulation
for an additional 5.7 ns, compared to the 1.3 ns previously
investigated.38 Also, to facilitate the system’s evolution, pressure
relaxation was omitted, meaning that the REMD process is
uninterrupted during the whole 5.7 ns. This will lead to a substantial
pressure increase, yet we assume that this is of marginal effect.

Interatomic interactions are described by the ReaxFF forcefield.43

More precisely, we use the Atmani et al. parameterization,26 which
contains the C−C parameters from the Reax2013 parameterization,44

the C−H parameters from Shin et al.,45 and the C−O parameters
trained from an extended database.42 In addition to the work
described above,38 this forcefield was also used to investigate the
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kinetics of the dehydration of cellulose,46 the natural evolution of
cellulose,26 and the carbon nucleation from deep hydrothermal
fluids.42 The MD and REMD simulations are performed using the
large-scale atomic/molecular massively parallel simulator (LAMMPS)
package.47 They use the velocity-Verlet integrator,48 with a 0.1 fs ep, a
Nose−́Hoover thermostat, and a Nose−́Hoover−Andersen barostat
(NPT only) as implemented by Shinoda et al.49 Time constants for
the thermostat and barostat are 50 and 500 fs, respectively. Replica
exchange moves are attempted every 10 fs, and the success rate is
about 20%.

Atomic configurations of the different replicas are stored at
intervals for analysis. In this work, we only consider for analysis the
configurations stored for the replica at 423 K (the temperature of
geological interest), at different REMD times. First, individual
molecules are determined using a standard clustering algorithm
based on bond cutoffs, with the usual values of 1.9 Å for C−C, C−O,
and O−O bonds, 1.5 Å for C−H bonds, 1.35 Å for O−H bonds, and
1.1 Å for H−H bonds.26 This allows for the classification into four
categories depending on the number of atoms in the molecule: gas up
to 4 C atoms, light tar (oil) from 5 to 13 C atoms, heavy tar from 14
to 40 atoms, and kerogen for more than 40 atoms.50

Finally, the kerogen models are relaxed for 5 ns at 423 K and 25
MPa using MD in the NPT ensemble. Only the last 3 ns are
considered for the calculation of properties. A unique configuration of
each kerogen model is used to compute properties that do not
fluctuate during relaxation. It includes the H/C and O/C atomic
ratios, the C atom coordination statistics, and the ring statistics,
characterizing the medium-range order, and which are identified using
the shortest path ring algorithm51 implemented in an in-house code.
Following the identification of rings, ring clusters, defined as an
assembly of rings sharing a common bond, are identified, as well as
chain fragments, defined as bonded clusters of atoms that do not
belong to rings. Statistics on ring and chain cluster sizes are also
computed. Only C and O atoms are considered for these analyses.

The probeless porosity was computed by sampling the matrix using
a grid of 0.1 Å lattice spacing and determining the fraction of the
volume that does not overlap with matrix atoms. Diameters of 3.36,
3.17, and 2.42 Å were adopted for C, O, and H atoms, respectively.
Pore size distributions were determined by computing, for every grid
point in the porosity, the largest spherical pore to which it can belong.
These analyses were performed using an in-house code,38 adapted to
the probeless case (i.e., equivalent to a probe of radius equal to zero).
For these calculations, six independent configurations, distant by 500
ps, are used.

X-ray diffraction patterns are computed from single configurations
using the Debye equation:

=I Q f f
Qr

Qr
( )

sin( )

i j
i j

ij

ij (1)

where I is the scattered intensity, Q is the scattering vector, f i and f j
are the atomic scattering factors of atoms i and j, respectively, and rij is
the interatomic distance. The calculations are performed with Debyer
software52 with appropriate cutoff corrections and accounting for
periodic boundary conditions. Scattering vectors are converted to
diffraction angles, 2θ, according to Q = 4π sin θ/ λ, adopting λ =
0.1542 nm (Cu Kα).

Finally, the volumetric properties (density and bulk modulus) are
computed using the last 3 ns of the relaxation simulations. The bulk
moduli K are computed from the fluctuations of the volume according

to =
K

V V
k T V

1

B

2 2

, where kB is Boltzmann’s constant and ⟨···⟩ indicate

time averages. Values are given as the mean and standard deviation
(error bar) on the mean using block averaging with four blocks of 750
ps.

Unless explicitly stated, all of the presented results refer to the
replica of geological interest, namely, the 423 K replica.

■ RESULTS
Unless explicitly stated, all of the presented results refer to the
replica of geological interest, namely, the 423 K replica. Figure
1 shows the evolution of the potential energy (UP), pressure

(P), and volume (V) of the system during the REMD
simulation. The evolution of the system is clearly driven by a
decrease in potential energy during the whole simulation, even
though this reduction is greater during the early stage of the
simulation. We also observe that the constraint of performing
the simulation at constant volume, starting from 1.3 ns, leads
to a rather significant increase in the system pressure: P
increases from about 25 MPa at 1.3 ns to about 350 MPa after
7 ns. Although somehow unrealistic, we assume that this level
of pressure should not significantly affect the chemical
respeciation of the system. Previous works show, in any case,
that it did not affect the structure of the kerogen.53,54

Furthermore, under these high-pressure, temperature, and
confinement conditions, all fluids are in a supercritical state.55

Therefore, increasing P from 50 to 350 MPa would only
increase the bulk density of water by about 15% and of the
other fluids by about a factor 2. Hence, this would not have
much effect on the reaction kinetics (irrelevant to this work)
and thermodynamics. The increase in pressure, or confining
stress, may also influence the texture of the kerogen, and
especially the alignment and organization of the aromatic
layers, yet at the investigated scale, no evidence of such an
effect is observed (see below). We also note that, even though
REMD could be performed in the NPT ensemble, as discussed
earlier,38 constant pressure conditions could trigger gasification
of the system in the high-temperature replicas (e.g., 3500 K),
hindering the formation and evolution of the kerogen.
Figure 2 shows the evolution of the mass fractions of gas,

light tar, heavy tar, and kerogen during the simulation. As
already pointed out,38 the system evolves very quickly (in a few
hundred picoseconds) to a stage at which it is composed of
about 41%, in mass, gas and 58% kerogen. These ratios remain
constant throughout the rest of the simulation. We recall here
that the kerogen yield is within typical values of char yields

Figure 1. Evolution with REMD time of the main thermodynamic
variables for the 423 K replica: potential energy UP (squares),
pressure P (circles, inset), and volume V (triangles, inset). Empty and
filled symbols relate to previously published38 and new results,
respectively.
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observed after lignin pyrolysis experiments, showing values of
40−69% depending on the pyrolysis temperature and time.56,57

While the average kerogen and gas yields remain constant,
some respeciation necessarily takes place within the gas and/or
kerogen to account for the change in UP and P observed in the
last 6 ns of simulation (see Figure 1). As can be seen in Figure
3, after an important production in the early stages, the

amounts of methane and carbon monoxide plateau at about 1
and 4 mmol/g, respectively, and slightly decrease during the
rest of the simulation. Conversely, water production
continually increases, reaching a plateau of about 13 mmol/g
at about 4.5 ns. As expected for a mature kerogen, we also
observe a significant increase in hydrogen production between
2 and 7 ns of REMD simulation, up to about 10 mmol/g.

The increase in water and hydrogen is necessarily associated
with the release of O and H atoms from the kerogen and,
hence, with its maturation. As shown in Figure 4, the O/C

ratio in the kerogen quickly decreases to very low values,
reaching a plateau of about 0.0024 at the water yield plateau
(i.e., for REMD times larger than 4.5 ns). The H/C ratio also
decreases during the simulation, yet at a much slower pace,
reaching about 0.125 after 7 ns.
This difference in O and H loss during kerogen evolution is

well-known and better illustrated by plotting the evolution of
H/C as a function of O/C in the van Krevelen diagram.1,17 As
shown in Figure 5, an evolution typical of type III kerogen is
recovered and a significant decrease in H/C when O/C only
marginally diminishes, common to all kerogen types in the late

Figure 2. Evolution with REMD time of the mass distribution in the
423 K replica: gas (squares), light tar (circles), heavy tar (up
triangles), and kerogen (down triangles). Empty and filled symbols
relate to previously published38 and new results, respectively.

Figure 3. Evolution with REMD time of the main produced fluid
molecules for the 423 K replica: water (squares), hydrogen (circles),
carbon monoxide (up triangles), and methane (down triangles).
Empty and filled symbols relate to previously published38 and new
results, respectively. Yields are given in units of mmol of fluid per
gram of lignin.

Figure 4. Evolution with REMD time of the solid atomic H/C
(squares) and O/C (circles) ratios for the 423 K replica. Empty and
filled symbols relate to previously published38 and new results,
respectively.

Figure 5. Van Krevelen plot (H/C vs O/C) of kerogen evolution.
Empty and filled symbols relate to previously published38 and new
results, respectively. Data on type III OM pyrolysis experiments from
Monthioux et al.58 and natural type III kerogen from Kelemen et al.10

and from Beh́ar et al.23 are shown for comparison. The gray line is a
power law fit to the data, serving as a guide to the eye.
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(metagenesis) evolution stage, is also observed. In earlier
stages, REMD data are found within known experimental data
for the type III kerogen, from Beh́ar et al.23 and Kelemen et
al.,10 as well as the data on type III kerogen pyrolysis
observations by Monthioux et al.58

We now describe in detail the structural and textural
properties of a series of nine kerogen models marked with red
uppercase characters, from A to I, in Figure 5. We will use the
H/C ratio as the main metric for maturity, knowing that (i) H/
C and O/C have related evolutions, with the one of H/C being
smoother; and (ii) H/C is more related to the texture
evolution (especially the aliphatic/aromatic ratio), while O/C
is more about functionalization of surface groups. Prior to the
analysis, all fluid molecules were removed from the kerogens’
porosity and the models were relaxed at 423 K and 25 MPa
using MD in the NPT ensemble. We acknowledge that at 423
K, pressure should rather be in the 50 and 125 MPa ranges,
corresponding to the hydrostatic and lithostatic limits,
respectively, for a depth of ∼5 km. We adopted the value of
25 MPa (which corresponds to the typical hydrostatic pressure
at 3 km depth) to be consistent with previous investiga-
tions26,38 in which this pressure was chosen to compensate for
the increase in pressure during the REMD simulations.
Snapshots of the nine relaxed kerogen models are shown in
Figure 6. As can be seen, significant evolution in the kerogen
takes place during maturation. While H/C decreases from 0.67
to 0.13, a significant decrease in density and increase in
porosity can be observed. In addition to the obvious decrease
in O/C, there is a progressive development of aromaticity
(Figure 6). At the scale of these simulations, we also observe
that two of the models (F and I) are no more 3D-connected
but instead form two-dimensional (2D) membranes along the
horizontal directions. For this reason, these two models would
have unrealistic mechanical properties in the z direction;
hence, NPT relaxation was only performed in the x and y
directions for these two models.

The evolution of the C atoms’ coordination numbers is
given in Figure 7. Throughout the simulation, the amount of

three-coordinated atoms (sp2 hybridization) increases from
about 78% for model A (H/C = 0.67) to about 95% for model
I (H/C = 0.13). Meanwhile, the fractions of two-coordinated
(sp and sp2 radicals) and four-coordinated (sp3) atoms
decrease from 13 to 2% and from 9 to 3%, respectively.
Figure 8 shows the evolution of some textural parameters

with the H/C ratio: the ratio of heavy atoms (C and O) in
rings and chains (Figure 8a) and the size in atoms of ring
clusters (Figure 8b) and of chain clusters (Figure 8c). During
evolution, we see that the ring/chain ratio increases from about
1.3 for model A to about 25 for model I, indicating a

Figure 6. Snapshots of the kerogen models at different maturities (H/C ratios). The color code reads as follows: cyan, C; red, O; and white, H.
Models F and I only show periodicity in the two horizontal directions; the dimension along the vertical axis is arbitrary for these two models.

Figure 7. Evolution with maturity (H/C ratio) of the coordination
fractions of the C atoms: squares (2, sp or radical sp2), circles (3, sp2),
and triangles (4, sp3). Empty and filled symbols relate to previously
published38 and new results, respectively.
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pronounced aromatization of the kerogen (Figure 8a).
Meanwhile, the average size of ring clusters (Figure 8b)
increases from about 8 atoms (1−2 rings) to about 1400 atoms
(∼600 rings). Conversely, the average size of chain clusters
(Figure 8c) decreases from about 3.7 to 1.8 atoms. These
quantities can be compared, at least semiquantitatively,38 to
the ratio of aromatic over aliphatic carbon and the size of
aromatic and aliphatic clusters determined from NMR data for
a few type III kerogen samples by Beh́ar et al.23 and Kelemen
et al.10 Even though experimental data only exist for relatively
large H/C values (≥0.6), and appear relatively scattered, their
numerical values are compatible with the REMD results for
lignin evolution.
Figure 9 shows the evolution of the ring statistics in the

kerogen. Throughout the evolution, the ring structure is

dominated by hexagons, representing between 44 and 61% of
the rings in the kerogen. Albeit some fluctuations, the fraction
of hexagonal rings increases with maturity, indicating a
tendency toward graphitization. Not considering model A
(H/C = 0.67), which somehow appears as an outlier in the
statistics, maybe because of a lower number of rings, we see
that the fraction of pentagons decreases with maturity, from
about 38 to 18% from model B (H/C = 0.6) to model I (H/C

= 0.13). Conversely, the fraction of heptagonal rings increases
from about 3 to 7%, while the fraction of octagons remains
fairly constant and at a much lower value (∼3−4%). The ratio
of pentagons to heptagons is highly correlated with the
curvature of the carbon structure.42 When this ratio is larger
than unity, isolated pentagons induce a positive curvature
(fullerene-like) of the carbon layers,59 which is the case in the
earlier stage of kerogen evolution. For low H/C values,
typically <0.3, this ratio gets close to unity and the carbon
layers adopt more planar structures due to the formation of
pentagon/heptagon pairs.60,61

Figure 10 shows the computed X-ray diffraction patterns of
the kerogen models. For all models, the signal is very broad,

Figure 8. Evolution with maturity (H/C ratio) of the textural parameters: (a) ratio of heavy atoms (O and C) in the ring and chain structures; (b)
average size of ring clusters; and (c) average size of chain clusters. Empty and filled squares relate to previously published38 and new results,
respectively. Crosses, experimental data from (+) Behar et al.23 and (×) Kelemen et al.10 Gray lines are stretched exponential fits to data, serving as
guides to the eye.

Figure 9. Evolution with maturity (H/C ratio) of the ring size
statistics: squares, pentagons; circles, hexagons; up triangles,
heptagons; down triangles, octagons. Empty and filled symbols relate
to previously published (ref 38) and new results, respectively.

Figure 10. X-ray diffraction patterns of the kerogen models. Thin
dashed vertical lines indicate the locations of the 002, 100, 004, and
110 peaks in graphite, by increasing value of 2θ.
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which is indicative of a mostly amorphous structure. Yet, one
can observe some peaks at low angles (<30°) for the models in
the early evolution stages, which probably represent some
remains of the parent lignin structure (see the pattern of lignin
on top of Figure 10). At higher maturity, some broad bands,
typical of turbostratic carbons, become visible around the
theoretical locations of graphite’s 100 and 110 peaks, at 42 and
78°, respectively. Some bump on the baseline is also visible at
angles slightly below the theoretical 002 angles (27°),
indicating some turbostratic layer stacking.62 Interestingly,
the patterns obtained for mature kerogen closely resemble
those measured for nongraphitizing saccharose-based chars
heat-treated in the 400−1000 °C range63 and for which
atomistic models were produced using the HRMC techni-
que.64

To further evaluate the diffraction data, we show in Figure
11 a close-up of the diffraction pattern of model I (the most

mature) around the 2θ domain area of graphite’s 100 and 004
peaks after removal of the baseline. The signal is well-fitted
with the two usual bands for turbostratic carbon, which are
significantly overlapping in such disordered materials. We
observe that the in-plane 10 band is almost perfectly located at
graphite’s 100 peak location, while the pure out-of-plane 004
band is significantly shifted (by about 6 degrees) to lower
angles with respect to graphite’s 004 peak. Crystalline
coherence lengths, La = 2.1 nm and Lc = 0.9 nm (∼3 stacked
layers) for in-plane and out-of-plane orders, respectively, are
obtained using the Scherrer−Warren relations: La,c = Ka,cλ/
(β cos(θ)), where Ka = 1.77, Kc = 1, λ = 1.542 Å, β is the full
width at half-maximum of the peak, and θ is the diffraction
half-angle. The interlayer distance d002 = 3.83 Å is obtained
from the 004 peak location (2θ = 47.54°) using Bragg’s law.

We show in Figure 12 the evolution with maturity of some
physical properties, namely, the density, porosity, and bulk
modulus. Starting at a value of ∼1.3 g/cm3 at H/C = 0.67, the
density decreases by almost a factor of 2 for H/C ≤ 0.4, where
it somehow remains constant (Figure 12a). This decrease in
density is clearly associated with the volume expansion
observed in the early stage of simulation (see Figure 6) and
porosity development (Figure 12b) induced by the fluid
production (Figure 3). Interestingly, as pointed out in ref,38

and conversely to what was observed for cellulose,26 the
kerogen formed from lignin burial remains rigid enough to
conserve most of its porosity after fluid expulsion starting from
moderate maturity (i.e., H/C ∼ 0.55).
As can be seen in Figure 12c, the bulk modulus K did not

show a clear evolution with H/C and remained between 0.5
and 3.5 GPa. Nevertheless, we can see a tendency toward a
decrease in K with decreasing H/C for H/C ≥ 0.4. Then, a
slight increase is visible when H/C further decreases. This
evolution in stiffness can be rationalized by the compensation
of two opposite effects. At large H/C values, the kerogen is
made of many ring clusters that are connected through short
chain moieties (see the snapshot of model D in Figure 12d).
On decreasing H/C, the density decreases, which in turns lead
to a decrease in stiffness.16 Meanwhile, when H/C decreases,
the ring clusters coalesce into larger clusters, yet still not into a
percolating one (see model E in Figure 12e) in the vertical
direction. Finally, at some critical H/C value (between 0.27
and 0.4), the ring structure coalesces into one main percolating
cluster, while the density remains almost constant, explaining
the sudden rise in stiffness.
Figure 13 shows the evolution of the pore size distribution of

the kerogen during its evolution. In the early stage of the
simulation, most of the porosity corresponds to extremely
narrow pores, below the molecular diameters of common
adsorption probes like N2, CO2, or Ar, which are all in the 3−4
Å range. Model A, in particular, can be considered as
nonporous with respect to these gases. With increasing
maturity, and as observed in Figure 6, porosity starts to
appear in the kerogen. Model C, with pore diameters up to ∼7
Å, is a typical ultramicroporous carbon, while model D, with a
rather flat PSD up to ∼17 Å, belongs to the microporous
carbon category according to IUPAC.65 When H/C ≤ 0.4
(models E, G, and H), the PSD extends to about the same
maximum pore diameter of ∼2 nm, at the edge of the
nanopore/mesopore boundary.65 We even observe that the
further the H/C decreases, the more the proportion of large
pores becomes important (compare models E and H),
indicating pore coalescence during the evolution process.
This is a clear indication that mesopores should actually be
present in the models in this evolution stage. However, the
latter, with pore diameters larger than 2 nm, can obviously not
be captured in such small-sized models as those investigated
here (orthorhombic boxes of 2−4 nm width). Another indirect
proof that mesopores should have developed in the kerogen is
the observed loss of 3D connectivity in two of the models (F
and E) in these high-maturity states. These results agree well
with those obtained with HRMC kerogen models, showing
that kerogen presents accessible microporosity, and no
mesoporosity, in the 0.8−1.2 g/cm3 density range.16,66

■ CONCLUSIONS
The evolution of lignin under a typical geological temperature
(423 K) was simulated using an extended REMD simulation,

Figure 11. X-ray diffraction pattern of model I around the 10 band/
004 peak locations. Circles indicate the computed pattern in Figure
10 after removing the baseline using a power law fit. Two Pearson VII
functions with adjustable positions and widths were used to fit the
signal. Corresponding peak locations in graphite are indicated with
black dotted lines, and the position and width of the 10 and 004
bands are marked with dashed vertical lines and horizontal arrows,
respectively (10: green; 004: orange).
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providing numerous details on the evolution of type III
kerogen, despite limitations inherent to the system size and the
simplicity of the precursor. It was shown that the lignin
polymer quickly decomposes into about 41% gas and 58%
kerogen. While the respective masses of gas and kerogen
remain almost constant in the rest of the simulation, significant
changes occur in the composition of the gas and the
composition and properties of the kerogen. Methane and
CO contents plateau when the kerogen H/C ratio reaches
∼0.5. However, molecular hydrogen and water keep on being
produced, while the kerogen further evolves to lower H/C
ratios. On releasing hydrogen, the kerogen aromatic content
increases with the ring/chain ratio increasing by a factor of 20
from 1.3 at H/C = 0.67 to 25 at H/C = 0.13. When H/C
reaches about 0.2, the ring structure percolates into one unique
cluster, increasing significantly the stiffness of the kerogen.
Meanwhile, the size of chains reduces to about 2 heavy atoms.
At this stage, calculation of the diffraction patterns shows
graphene domains of ∼2 nm with stacks of about 2−3 layers. It
was also shown that, nonporous in its more immature form
(H/C = 0/67), the kerogen progressively develops porosity
during its evolution. Even though not observed because of size
limitations, the results even suggest the presence of mesopores
for H/C below 0.4. Interestingly, regarding structure, porosity,
and stiffness, the most mature kerogen models presented in
this work present many similarities to synthetic chars, like the
well-known saccharose-derived cokes.64

Although one study by Helgeson et al.67 suggests that
kerogen evolution could follow a succession of equilibrium
states, driven by the change in overall composition, our work in
which composition is fixed rather strengthens the commonly
accepted interpretation that kerogen evolution is limited by

Figure 12. Evolution with maturity of the (a) density, (b) porosity, and (c) bulk modulus of the kerogen. (d−f) Snapshots of models D, E, and G
are given with ring clusters highlighted with large colored sticks, with one unique color per cluster. Models F and I, which are not 3D-connected
and hence do not show stiffness in the z direction, are not considered here.

Figure 13. Normalized (probeless) pore size distributions of the 3D-
periodic kerogen models.
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kinetics, or, in other words, that immature and mature kerogen
are metastable intermediates to the formation of graphitic
carbon. The final state of the kerogen (i.e., at the end of the 7
ns-long REMD simulation), described above, certainly also
constitutes a metastable state that would further evolve toward
graphite provided longer simulations are performed.
Finally, the series of kerogen models obtained from the same

precursor OM at various maturities constitutes a consistent
database of models to investigate maturity effects on properties
of interest like gas adsorption and transport.
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