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Abstract

Following recent simulation work on the geochemical conversion of cellulose by At-
mani et al. [Chem. Sci. 8 (2017) 8325-8335], we use replica exchange molecular
dynamics simulations to perform a comparative analysis of kerogen formation from
cellulose and lignin, two important constituents of type III organic matter. In almost
quantitative agreement with experimental pyrolysis experiments, we obtaine than lignin
produces significantly more kerogen and methane, and less water, than cellulose. While
the two kerogen seem to show very simular evolutions, as plotted on a van Krevelen
diagram, the full maturation of the ex-cellulose kerogen requires draining of the fluid.
This results in a dense ultramicroporous kerogen with high stiffness, Conversely, in
the case of lignin, a percolating carbon backbone with high aromatic content forms
continuously during evolution, forming large micropores filled by the developping fluid
phase. In addition to providing atomistic insights on the mechanism of kerogen forma-
tion and growth, as well as on the prediction of the hydrocarbon potential of the two
precursors, this work also provides new realistic atomistic representations of type III
kerogen which can be used to investigate properties relevant to shale gas production,

including mechanical properties as well as hydrocarbon adsorption and transport.

Introduction

The sudden massive extraction of shale hydrocarbons in the early 2000s has stimulated in-
tense research efforts aimed at understanding the inner nature of shale deposits.? Indeed,
unlike conventional oil and gas reservoirs, shale hydrocarbons are strongly adsorbed in the
source rock porosity and especially within kerogen, the organic part in shale. Extraction of
shale hydrocarbons thus requires complex processes like high-pressure hydraulic fracking,®
raising important environmental concern.*® Unlike the minerals present in shales which,
being crystalline, have well-characterized properties, a detailed structure-property relation-

ship for kerogen is still lacking. A very fundamental reason for that is that kerogen is an



amorphous porous carbon formed by the geological burial of fossil organic matter (OM). As
such, an impressive variability in heteroelement composition and texture can be observed
depending on the nature of the OM and burial history.” In addition, kerogen isolation from
the source rock is complex and often incomplete, making experimental characterization, es-
pecially mechanical testing, complex to achieve. It has to be specified that texture and
composition are generally associated to the kerogen maturity, or in other words, the degree
of advancement of the carbonization process. Immature kerogens have high heteroelement
content, mostly hydrogen and oxygen, and show aliphatic textures whilst mature kerogen is
considered has a highly aromatic carbon with few heteroelements.

Molecular simulation techniques are particularly relevant tools to predict materials prop-
erties, especially those relevant to hydrocarbon expulison from shale reservoirs like the me-
chanical properties of the matrix as well as the hydrocarbon adsorption and transport within
its porosity. However, realistic atomistic models of kerogen are required to perform these sim-
ulations. The first (2D) chemical models of kerogen were large macromolecules hand-drawn
on the basis of experimental data.®*! Some of these models were then digitalized and turned
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into 3D atomistic representations using molecular modelling and simulation tools,
ing for the calculation of properties. Similarly, a series of macromolecules representative of
various kerogen types at several maturities were constructed by Ungerer et al.'® on the basis
of experimental data gathered in Ref. 16. These molecules were used to build large 3D kero-
gen models!” and investigate hydrocarbon adsorption and transport in many studies.!'® 22
An important limitation of this approach is that the macromolecules constituting the kero-
gen are generally of limited size, generally one to two orders of magnitude lighter than the
insolubility limit, 5000-10000 Da according to Vandenbroucke and Largeau.” This results in
unrealistic swelling ratios, up to 70 % as reported by Pathak for methane adsorption at 35
% mass ratio in a kerogen at the oil and gas windows boundary.?*

An alternative approach was proposed by Bousige et al. who used the hybrid reverse

Monte Carlo (HRMC) approach with a reactive force field to reconstruct realistic kerogen



models aimed at reproducing the pair distribution functions measured using X-ray or Neu-
tron diffraction for a few demineralized kerogen samples.?® Despite a slightly lower chemical
accuracy, the obtained models were made of connected carbon backbones and were able to
differenciate the mechanical properties of immature and mature samples.?® These models
were also used to investigate adsorption and transport of hydrocarbons.?*2¢ However, the
HRMC method is difficult to apply to kerogen. It indeed relies on the availability of accu-
rate experimental density measurements and pair distribution functions, which are difficult
to obtain, especially as demineralization is most often incomplete. Furthermore, even if
it allows producing realistic structural models at a given maturity, it tells nothing about
the natural maturation route or about the nature and quantity of the fluid phase produced
during kerogen evolution. We also add that some kerogen models were also produced by a
simple liquid quench approach using reactive molecular dynamics (RMD) simulations.?”

Because of its interest in research on the conversion of organic wastes into energy re-

28,29

sources (coal, biofuels, etc...) and/or manufacturable carbons,** 3> RMD has also been

extensively used in recent years to investigate the pyrolysis - at least at early stages - of

34-37 43,44

various forms of organic matter, including lignin and cellulose, coals, 32 kerogen
and other fossil OM.#>46 Zheng et al. studied the early stages of cellulose pyrolysis using
isothermal MD simulations and observed the quick fragmentation of the polymer into small

(less than 9 C atoms) molecules, water being the most abundant.?®

The same approach was
applied by Zhang et al. to a softwood lignin model.343¢ They observed that above 1500 K,
the heavy compounds eventually condensate to form a solid pyrolysate (char), which chem-
ical nature varies significantly with temperature: O/C and H/C ratios decreases from 0.28
and 0.77 at 1500 K to 0.18 and 0.63 at 2100 K. At this temperatures the most abundant
gas molecules are water, hydrogen and methane.?* ReaxFF based MD simulations were also
used by Rismiller et al. to investigate the effect of humidity on the products of cellulose and

lignin pyrolysis, showing an important effect, in both cases, on both the amount and nature

of the solid pyrolisates. 37



In all these studies, the simulations were run at very high temperatures to compensate for
the short timescale accessible to MD simulations, typically of the order of a few nanoseconds.
It is however unclear how the products distribution obtained at such high temperatures
relates to the one of natural evolution with such a huge gap in temperature knowing that
kerogen evolution takes place at temperatures in the 350-500K range over a timescale of
millions of years. In recent work,*” we have proposed to use an accelerated simulation
scheme, the replica exchange molecular dynamics (REMD) method, in order to simulate a
pyrolysis process at low or moderate temperature. In REMD, several replicas of the same
system are simulated in parallel at different temperatures (higher or equal to the temperature
of interest). Configuration exchanges between replicas are designed in order to ensure the
convergence of each replica towards its own thermodynamic equilibrium while allowing for
a much faster convergence of the low energy replicas. Using REMD, we have been able to
simulate the complete conversion of cellulose into a mature kerogen and a fluid phase made of
small molecules - mostly water and CO - under typical geological temperature and pressure
(423 K and 25 MPa), in spite of the geological timescale (million years) associated to the
process. 4’

In what follows we pursue this line of research by presenting a comparative study on the
geological degradation of lignin and cellulose, the two main cell constituents in higher plants
which represent good proxies for type III OM. This allows us to compare the composition
and structure of the produced kerogens, their evolution pathways and the produced fluid

phases.

Methods

MD/REMD simulations

The two kerogen precursors considered in this work are shown in Fig. 1. The first one (a) is

a 4200 atom I-3 cellulose crystal. The second one (b) is constructed by packing 18 oligomers



of one of the structural models of softwood lignin proposed by Crestini et al.*®

Both systems
were placed within orthorhombic simulation cells with periodic boundary conditions. Prior
to the REMD simulations the two systems were relaxed at 423 K and 25 MPa using MD in

the NPT ensemble until convergence of the volume (about 100 ps for the disordered lignin

system).
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Figure 1: Representation of (a) cellulose and (b) lignin kerogen precursors. Atoms are
color-coded according to carbon (cyan), oxygen (red) and hydrogen (white).

In all the simulations, interatomic interactions are accounted for using the ReaxFF po-
tential:* Reax2013 parameters for C-C interactions®® together with C-O, C-H, O-O, O-H
and H-H parameters from Refs 51 and 52. MD simulations are performed either in the NVT
or NPT ensembles with Nosé-Hoover and Nosé-Hoover-Andersen thermostat and barostat,
respectively.?® Time constants of 0.05 and 0.5 ps are used for temperature and pressure
relaxations, respectively, and the equations of motion are integrated using a velocity-verlet
scheme® with a 0.1 fs timestep. REMD simulations use canonical (NVT) MD sampling,
avoiding undesirable first order phase transition, with an exponential spacing of tempera-

tures from the temperature of interest, 423 K, up to 3500 K, using 96 replicas. Replica



exchanges are attempted every 10 fs; the obtained acceptance rate are of about 20 %. All
the simulations are performed with LAMMPS.?%>

An important consequence of running the simulations in the NVT ensemble is that pres-
sure progressively increases during the run, because of fluid production. To maintain rea-
sonable ”geological” conditions, the simulations are interupted at intervals and the replica
at 423 K relaxed for 100 ps at 25 MPa in the NPT ensemble. The REMD simulation is
then relaunched with all replica re-initialized with the relaxed configuration. In the case of
cellulose, three relaxation stages have been necessary;*” they were performed every time the
pressure was exceeding 200 MPa for the 423 K replica. In the case of lignin, for simplicity,
we decided to perform a relaxation run every 200 ps.

REMD simulations are performed until equilibrium states are obtained at 423K, which
takes about 750 ps for cellulose and 1300 ps for lignin. Then, after analysis, the fluid content
is removed and the resulting kerogen relaxed at 423 K and 25 MPa for 1 ns. A second set
of REMD simulations is finally launched to investigate wether fluid removal may, or not,
induce further kerogen maturation. Those simulations are run for 1800 ps. Full atomic
configurations of the different replicas are stored at intervals during the REMD processes

and at the end of the pressure relaxation simulations for analysis.

Chemical analysis

Chemical analysis is based on the identification of molecular clusters, using a standard
clustering algorithm, with the following bond distance cutoffs: 1.9 A for C-C, C-O and O-O
bonds, 1.5 A for C-H bonds, 1.35 A for O-H bonds and 1.1 A for H-H bonds. As in former
studies, 3414356 the obtained molecules were classified according to four categories based on
their number of C atoms: gas up to 4 C atoms, light tar (oil) from 5 to 13 C atoms, heavy
tar from 14 to 40 atoms and char (or kerogen) for more than 40 atoms. Note that it leads
to some re-interpretation of the results in Atmani et al.*” in which only two categories were

considered (fluid below 12 C atoms and solid at 12 and more C atoms).



Structural/textural analysis

The obtained char structures are analyzed accoring to their H/C and O/C atomic ratios, the
coordination numbers of the C atoms and the radial distribution functions. Their textures
are characterized through the ring contents, identified using the shortest path ring analysis,®”
the size of ring clusters and the size of (aliphatic) chains. These properties are computed
by considering C and O atoms only. The accessible porosity to a methane molecule was
computed by sampling the possibility of inserting a methane molecule within the matrix
using a grid of 0.1 A lattice spacing. A hard-sphere non-overlap criterion between methane
and the matrix atoms was adopted with usual diameters ooy, = 3.73 A, oo = 3.36 A,
oo = 3.17 Aand o = 2.42 A. At each grid point previously identified as belonging to an

accessible pore, the pore size is determined using the following method inspired by Gelb and

Gubbins:®

1. A position Ry, is drawn at random within a sphere of diameter D,,,, larger than the

expected maximum pore size (a large value of 3 nm was adopted).

2. Determine the shortest distance between R, and the van der Waals surface of a matrix

atom, defining the radius of the largest spherical pore centered on Rp:

PR(R,) = min (1R, - Ril| - 5 1)

where 7 runs over the N atoms of the kerogen matrix and R; and o; are the position

and van der Waals diameter of atom i, respectively.

3. Check whether the considered grid point (located at Rg) belongs to the same pore
(||IRp — Rg|| < PR(Rp)). If yes, store the pore diameter PD = 2PR(R,,)).

4. Repeat the process until 500 such pore sizes are obtained, eventually decrease progres-
sively D,,q. in case of low success ratio at step 3. A good estimate of the pore size at

R, is given by the maximum value of the obtained pore diameters.
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The PSD is then obtained by creating an histogram over the estimated pore diameters at
the different grid points. Note that we consider only pore sizes larger than the diameter of

a methane molecule ooy, .

Results

The evolutions with REMD time of the fractions of gas (Cqy_4), oil (C5_13), tar (C14_49) and
char (Cyo. ) obtained for the replicas at 423 K and 25 MPa are shown in Fig. 2(a) and 2(b)
for cellulose and lignin, respectively. Note that even though time in REMD simulations has
no phyiscal reality, it can still be used as a metric, just like Monte Carlo steps in a Metropolis

Monte Carlo simulation, to trace the evolution of a replica towards its equilibrium state.
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Figure 2: Evolution with REMD time of the mass fractions of gas (Co_4), light tar (C5_13),
heavy tar (Ci4_49) and char (Cypy) for cellulose (a) and lignin (b) at 423 K and 25 MPa.

3559 cellulose

As observed for reactive MD simulations at much higher temperatures,
entirely disintegrates into small molecules, mostly light tar molecules, in the very early

stages of the REMD simulation (Fig. 2(a)). These molecules further react to form even



smaller (gas) species which dominate in mass after ~ 100 ps. Then kerogen starts growing.
Above 600 ps the system reaches an equilibrium state made of ~ 68 and 27 mass % of gas
and kerogen, respectively. The transformation of lignin follows a similar path (Fig. 2(b)).
However, because of the difference in composition of the two systems, lignin produces a
significantly higher fraction of char (around 58 mass %) and a significanlty lower fraction of
gas (41 mass %). Also, whilst some traces of light tar are still visible in the ex-cellulose system
at equilibrium, lignin is almost entirely decomposed into char and gas. These differences of
char and volatile yields between cellulose and lignin agree well with those reported in recent
experimental pyrolysis studies et al.®®%? More precisely, Qu et al.®® obtained char yields of
28 and 69 wt. % for cellulose and lignin respectively, in fast pyrolysis experiments at 350°C.
They observed that the char yields slightly decrease down to 13 (cellulose) and 40 (lignin) wt.
% upon increasing the pyrolysis temperature to 650°C. Muley et al.5! found char yields of
around 22 and 55 wt. % for cellulose and lignin, respectively, with very limited temperature
dependence in the 500-700°C range. Finally, Gagic et al.%? obtained char yields of about 25

wt. % in hydrothermal pyrolysis of cellulose at temperatures in the 250-300 °C range.
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Figure 3: Distribution in mass of the fluid (Cy_49) phases at equilibrium with respect to the
number of C atoms. Data corresponds to the replica at 423 K and 25 MPa after 1300 ps
and 750 ps of REMD for lignin and cellulose, respectively.

We now describe in more details the content of the fluid phase at equilibrium and its

evolution during the simulations. Fig. 3 shows the distributions in mass of the fluid phase
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according to n¢, the number of C atoms in the molecules, as obtained at the end of the REMD
simulations. We note that at equilibrium, no heavy tar species (n¢ > 13) are obtained for
both systems. As shown in Fig. 3, about 90 % of the fluid mass is composed by molecules
with nc = 0 or 1 and about 95 % by molecules with ng < 2. Following this result, we show
in Fig. 4, 5 and 6, the obtained evolutions with REMD time of the yields of inorganic (Cy_1)

molecules, C; organic molecules and C, organic molecules, respectively.
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Figure 4: Evolution with REMD time of the mass fractions of inorganic gas for cellulose and
lignin precursors at 423 K and 25 MPa: (a) HyO, (b) Hs, (¢) H3O™, (d) CO and (e) CO,.

Water is by far the most abundant pyrolysis product amongst the fluid phase (Fig. 4). Tts
yield at equilibrium is about twice as large with cellulose than with lignin. CO is the second
most produced compound and, again, most abundant by a 2:1 ratio with cellulose than
with lignin. Hs and CHy are third and fourth in abundance at equilibrium, respectively.
One note that, unilke the three other mentioned species, the methane yield is about five

times larger with lignin than with cellulose (Fig. 5). We note that methane is by far the
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most abundant hydrocarbon obtained in both systems, in good correlation with results from

60.63.64 However, because of the small system sizes considered here, we

pyrolysis experiments.
cannot provide any meaningful statistical data for larger alkanes (actually no other alkane
was present at equilibrium for both systems).
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Figure 5: Same as Fig. 4 for C; hydrocarbons: (a) CHy, (b) CH3(OH), (¢) CH2(OH)s, (d)
H,CO and (e) HCOOH.

Even though we do not expect a perfect correlation between the fluid phase obtained
after geological burial, supposedly at, or close to, thermodynamic equilibrium,% and those
obtained after lab pyrolysis experiments, which may depend significantly on thermal his-
tory, the results obtained in this work agree well with some experimental and theroretical
reports on cellulose/lignin pyrolysis. Indeed, most studies report that asides from water,
CO,, Hy, CO and CH, are the main produced volatiles.5%:6364 In the present work, COs
mostly appears as an intermediate at short simulation times. As discussed in Ref. 47, the

formation energy of CO, is significantly overestimated by the version of ReaxFF used in this

12



work, which was essentially developpecd = account for solid carbon phases. Hence, CO; is
quickly consumme¢ 7 fter formation to produce more stable species. Its yield is thus certainly

significantly underestimated in our simulations.
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Figure 6: Same as Fig. 4 for Cy hydrocarbons: (a) HOCCOH, (b) HCCOH, (c) H,CCOH™"
and (d) HCCH.

In addition to methane, other produced C; species include, by order of importance,
methanol, formic acid, methanediol and formaldehyde (Fig. 5). Interestingly, while the
yields of inorganic gases were always larger for cellulose than for lignin, for all C; species the
obtained yields are much higher with lignin than with cellulose. Also, while some species
can be definitively qualified as products - this is the case of CH;, CH3OH and CHy(OH)s,,
others like HyCO and, to a lesser extent, HCOOH, are most likely intermediates that are
produced, then counsumed during the simulations.

Finally, the yields of the four most abundant C, species - acetylenediol (HOCCOH),
ethynol (HOCCOH), ketenium (H,CCOHT) and acetylene (HCCH) are shown in Fig. 6.
First, we observe that all these compounds mostly appear during the conversion of cellulose
and very little in the case of lignin, indicating a strong correlation with the chemical nature of
the precursor. In addition, the three neutral compounds are acetylenic compounds, which are

not expected from cellulose pyrolysis. It was shown in Ref. 47 that their formation energies
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are relatively well accounted for by the ReaxFF forcefield, even though a little overstabilized
with respect to DFT. However, as shown in Ref. 47 both hydronium (Fig. 4) and ketenium
(Fig. 6) are severely overstabilized by ReaxFF due to a very large, artificial, charge transfer.
Charges on these iona were found to be only of +0.34 e and +0.13 e for hydronium and
ketenium respectively. The production of these two species in such quantities can thus be

considered as an artifact.
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Figure 7: Van Krevelen diagram comparing the evolution of ex-lignin (squares) and ex-
cellulose (triangles) kerogen to confined pyrolysis experiments on fossil type III OM by
Monthioux et al.%® and to natural samples analyzed by Kelemen et al.'® and Béhar and
Vandenbroucke.® The shaded area roughly indicates the spread of natural samples of type III
OM.7 Yellow triangles: First REMD simulation; green triangles: Second REMD simulation
(after fluid release and relaxation).

Evolutions of the kerogen phases during the REMD simulations are shown under the form
of a van Krevelen diagram in Fig. 7. Both precursors follow the almost exact same path,
which is found within the reported data cloud for type III OM.” We observe that, in purely
confined pyrolysis conditions, the ex-cellulose kerogen ends up its decomposition process at
values of 0.55 and 0.04 for H/C and O/C, respectively. These values are significantly higher
than those obtained for ex-lignin kerogen: 0.5 (H/C) and 0.01 (O/C). However, by releas-

ing the fluid content and repeating the REMD process, the ex-cellulose kerogen eventually
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reaches the same final composition as the ex-lignin kerogen, which typically corresponds to
a mature type III kerogen at the end of catagenesis.” It is noticeable that the final O/C
values are sligthly lower than those obtained for actual natural samples,!6:5 which may
results from the fact that REMD simulations are performed using dry precursors. The pres-
ence of water during natural burial may explain the higher O/C ratios obtained in natural
samples. Also, comparing the REMD path with known experimental results shows that the
simulations do not seem to reproduce the change in slope obtained experimentally at the
diagenesis/catagenisis transition (H/C ~ 0.7; O/C ~ 0.1). We believe that this transition is
possibly due to the more complex nature of real type IIT OM, and especially to the presence

of aliphatic compounds within it.
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Figure 8: Ex-cellulose kerogen obtained (a) at the end of the first REMD simulation, (b)
after fluid removal and NPT relaxation and (c) after the second REMD simulation and NPT
relaxation. Ball and stick representations are shown with the following color code: C (cyan),
O (red) H (white); ring clusters are displayed with larger sticks, one color per cluster.

Snapshots of the kerogen models obtained from cellulose and lignin, shown in Fig. 8 and
Fig. 9, respectively, unravel slightly different mechanisms for the kerogen growth. As shown
in Fig. 8(a), at the end of the 15 REMD process, the ex-cellulose kerogen is made of two

independant molecules (Cy34H229016 and Caz5H136011) dispersed in a large amount of fluid.
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In such a state, the kerogen does not have any mechanical properties or defined porosity.
After total fluid release and relaxation at 25 MPa (Fig. 8(b)), the kerogen condensates into
a dense state (1.32 g/cm?) with 13 % porosity (accessible to methane) and a bulk modulus of
2 GPa. During the 2" REMD, in addition to releasing a few extra fluid molecules (10 H,O,
6 CO and 5 Hy), the two molecules of the kerogen merge to form a unique, percolating, solid-
like species (CggoHze5027). The final density, porosity and bulk modulus are 1.26 g/cm?, 7

% and 8 GPa, respectively.

)\
&
%
X

) ) g A s
= b 2 L P~ \ - -
Ly N > o : b
C ) < @
4 ( 7 o N d N o) ‘ 5
git sV Ve e Nl f
O~ U IO -G’ » |\ g
g ‘:{’ ,/ j /j 5 /\'/
. A b : -*/"\/ LY
\ A ¥ 3
3 nk)\)‘ o 2 S Ty
Q -3 ‘ L8
X A ' va)\
- .

(a) (b)

Figure 9: Same as Fig. 8 for the ex-lignin kerogen. (a) end of the first REMD simulation;
(b) after fluid removal and NPT relaxation.

The ex-lignin kerogen model is shown in Fig. 9. At the end of the REMD process it
is composed of a unique, percolating, fragment of composition Ci377Hgg7O15. Compared to
cellulose where the coalescence of kerogen fragments appears at a late stage of the kerogen
evolution (H/C < 0.55) and after fluid expulsion, in the case of lignin the kerogen is found
under the form of a unique fragment, enclosing the produced fluid within relatively large
micropores, as early as H/C ~ 0.67. Removing the fluid and relaxing the kerogen under
geological T and P leads to a ~ 18 % contraction of the volume, indicating a high com-

pressibility of the structure. This is confirmed by a bulk modulus of 0.7 + 0.1 GPa and an
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important accessible porosity (45 %) corresponding to a low density of 0.86 g/cm?3. As for
cellulose, a second REMD process was launched after fluid release and relaxation. Despite
1800 ps of simulation, no significant change in the kerogen was observed. Results from this

second simulation will not be discussed further in what follows.
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Figure 10: Evolutions of the fractions of (a) two-fold, (b) three-fold and (c) four-fold C atoms
with H/C ratio for ex-lignin (squares) and ex-cellulose (triangles) kerogen. Yellow triangles:
First REMD simulation; green triangles: Second REMD simulation (after fluid removal).

We now describe further the structure and texture of the kerogen models and their
evolution during growth and maturation as measured by a decreasing H/C ratio. Fig. 10
shows the evolutions of the C atoms coordination numbers, related to the fraction of sp, sp?
and sp?® hybridizations. At equilibrium, very similar coordination numbers are obtained for
both models, with 86 % of three-fold (sp?) atoms, 8 % of four-fold (sp?) atoms and 5 % of
two-fold (sp or radical sp?) atoms. The fraction of three-fold atoms continuously increases
during kerogen evolution (i. e., while H/C decreases). In the early stages (H/C > 0.55)
one note that the fractions of two-fold atoms is lower for the ex-lignin kerogen than for the
ex-cellulose kerogen. Conversely the fractions of four-fold atoms are higher.

Fig. 11 gives some information on the texture of the evolving kerogen models. The ratio
of carbon atoms in rings with respect to carbon atoms in chains (Fig. 11(a)) progressively
evolves from around 1 at high H/C to about 4 at H/C = 0.5. One note that for H/C <
0.55, the two models follow the same curve, as already observed for the sp? fraction (Fig.
10(b)). Similarly, the numbers of heavy atoms (C or O) per ring cluster, shown in Fig. 11(b)
increases from about 6 (1 ring) at H/C ~ 0.7, to around 25, corresponding to about 7 rings

(see Fig. 11(d)) at H/C = 0.5, marking the growth of aromatic domains during kerogen
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Figure 11: Evolutions with the H/C ratio of (a) the ratio of C atoms in rings or chains, (b)
the average number of heavy atoms per (b) ring cluster, (¢) the average number of rings per
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from experimental analysis of type III OM%!6 are included for comparison. Blue squares:
ex-lignin kerogen (1% REMD); Triangles: ex-cellulose kerogen (yellow: 1°* REMD; green:
24 REMD); Red stars: data from Kelemen et al.;!® Brown crosses: data from Behar and
Vandenbroucke.
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evolution. As shown in Fig. 11(d), the average number of heavy atoms per chain cluster
decreases down to 2.1 and 2.7 for the ex-lignin and ex-cellulose kerogen, respectively. This
clearly highlights a very low alaphitatic content in such mature type III kerogen. One note
that at lower maturities, the average chain size is significantly larger for the ex-cellulose
kerogen than for the ex-lignin kerogen. For instance, chain clusters count on average 7
heavy atoms at a H/C value of 0.67 for ex-cellulose kerogen, which is twice as much as for
ex-lignin kerogen at the same maturity. Comparing now the simulation results to available
experimental data on type III OM from Refs. 9 and 16, also shown in Fig. 11, one can
notice that the textural parameters obtained in simulations have very similar values to those

derived from experiments, albeit with a slight shift of the simulation data towards low H/C

values.
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Figure 12: Evolutions of the fractions of (a) pentagonal, (b) hexagonal and (c) heptagonal
rings with H/C ratio for ex-lignin (squares) and ex-cellulose (triangles) kerogen. Yellow
triangles: First REMD simulation; green triangles: Second REMD simulation (after fluid
removal).

Fig. 12 shows the distributions of rings within the kerogen models. At equilibrium,
the two kerogen models show similar ring statistics with 50-60 % of hexagons, 30-35 % of
pentagons and around 10 % of heptagons. This particular distribution, with a much higher
fraction of pentagons than heptagons is indicative of curved, fullerene-like, layers, which is
consistent with the snapshots given in Fig. 8 and Fig. 9. No particular evolution of the
ring statistics with H/C can be detected in Fig. 12. We note that the high fraction of non-
hexagonal rings, especially pentagons, is consistent with the highly disordered arrangement

of 002 carbon lattice fringe images recorded by Oberlin et al. for mature type III kerogen.®
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Finally, Fig. 13 compares the PSDs of the ex-lignin kerogen model at equilibrium (H/C
= 0.5), the ex-cellulose model at H/C = 0.55 (i. e., after the 1°* REMD simulation, fluid
removal and relaxation) and the ex-cellulose model at equilibrium (H/C = 0.5). As can be
seen, the ex-lignin as a wide PSD, with pore sizes up to 1.6 nm. Conversely, the ex-cellulose
kerogen is ultramicroporous with pore sizes below 0.8 and 0.6 nm at H/C = 0.55 and 0.5,

respectively.

Discussion

Using REMD and ReaxFF we have been able to simulate the full evolution of two important
constituents of type III OM, cellulose and lignin, towards mature kerogen, demonstrating
the applicability of the method to investigate the atomic scale mechanisms of extremely
complex geochemical processes taking place over million years timescales. Apart from a few
details, like the quasi-absence of CO, in the fluid phase, which seem to be related to the
very details of the ReaxFF parameterization, the accuracy of the REMD predictions with
respect to experimental knowledge is striking. REMD data for the mass yields of kerogen
and fluid phase are in quantitative agreement with the yields of solid and fluid residues
obtained in lab pyrolysis experiments. The nature and quantities of the main produced fluid
molecules, apart from CO,, are also found in excellent agreement. Even though type III OM
is certainly much more complex than our idealized precursors and its evolution effected by
external factors like the presence of bacteria, water or metal catalysts, the evolution paths
of the two kerogens are also found in good agreement with both natural samples and lab
pyrolysis experiments on natural samples.

However, while the two considered precursors show almost identical evolution paths and
structures, in terms of covalent bonding, they present very different porosities. We have
indeed observed that ex-cellulose kerogen can only coalesce after a kerogen/fluid separation,

leading to a dense ultramicroporous solid which eventually develops stiffness during further
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maturation. With lignin as a precursor, a kerogen with a 3D connected skeleton grows
and maturates around the fluid, giving rise to an important porosity. This highlights some
important effect of the detailed nature of the parent OM on the kerogen texture.

Finally, another important outcome from this work is that we now dispose of a series of
atomistic kerogen models that can now be used to investigate mechanical, adsorption and
transport properties. This includes the models presented in Fig. 8 and Fig. 9 as well as other

structural models taken at intermediate maturities or from higher temperature replicas.
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