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Designing cellulose based biochars
for CO, separation using molecular
simulations

Behnoush Barzegar & Farzaneh Feyzi™*

This study investigates the pyrolysis mechanism of cellulose using reactive molecular dynamics
simulations to prepare biochars for CO, separation applications. Six biochars with densities ranging
from 0.160 to 0.987 g/cm? were prepared, and their performance in adsorbing CO,, CH,, and N,
gases, as well as CO,/CH, and CO,/N, gas mixtures, was evaluated using Grand Canonical Monte Carlo
(GCMC) simulations. The adsorption isotherms were fitted to the Dual-Site Langmuir (DSL) equation,
and subsequently, the isosteric heat of adsorption, Gibbs free energy, and entropy changes were
calculated. It was found that the results indicated that the density of biochar had a strong impact on
gabs adsorption. CO, had much better interactions with biochars than CH, and N,. The 0.351 g/cm3-
density biochar presented the highest selectivity for CO,. The effect of water vapor was also covered
which remarkably decreased the adsorption of CO, by the competition of active sites for adsorption.
These results indicate that optimized cellulose-derived biochars could be a promising material for CO,
separation in sustainable gas purification technologies.
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The majority of global warming and climate change is caused by two greenhouse gases: methane (CH,) and
carbon dioxide (CO,). Natural gas, consisting of methane, other light hydrocarbons and CO, is considered as
one of the most appealing clean fuels in recent decades. However, the presence of CO, reduces the energy value
of natural gas due to its dilution effect and, therefore, needs to be removed for effective use2. So far, various
methods have been used for CO, separation. Among different common methods adsorption by solid adsorbents
and membranes have received much attention because of low energy consumption, environmental friendliness,
separation at ambient temperature, and ease of access to the separated phases®. Various adsorbents, such as
glassy polymers”®, metal-organic frameworks (MOF)?, zeolites'?, and carbonaceous materials!!~!3, have been
designed and used for this purpose. Carbon compounds, notably biochars, have received a lot of interest in recent
decades due to their carbon-rich structure, stability, insolubility, and high aromatization'*. Biochars are produced
from the pyrolysis of biomass such as wood chips, peanut shells, straw and wood waste, industrial organic waste
and urban sludge in an oxygen-free environment'>~*’. Biochar may be considered as an excellent CO, adsorber
and a promising alternative to conventional solid carbon-based catalysts that are less environmentally friendly
and economically inefficient?!.

High specific surface area and microporosity of biochars provide more active sites for CO, adsorption. Huang
et al.?? investigated and compared rice straw biochar produced using microwave and conventional pyrolysis.
They found CO, adsorption amount of 80 mg/g at a temperature of 20 °C produced by microwave, which
was 14% more than the biochars produced by conventional pyrolysis. This difference in the amount of CO,
adsorption was due to the difference in specific surface area. The Mukherjee et al.?* created biochar by pyrolyzing
coffee grounds at three different temperatures (400, 500, and 600 °C), and studied CO, adsorption at 30 °C. The
Brunauer-Emmett-Teller (BET) surface areas of biochars were 179, 311, and 539 m?/g, respectively. According
to their results, the highest amount of CO, adsorption was 2.8 mmol/g, which was achieved for the biochar
made at 600 °C with the highest BET surface area. Serafin et al.** produced biochars using different biomasses.
They showed that the precursor played a significant role on the structural properties of the resulting biochars.
Only biochar with micropores in the 0.86 -0.3 nm range were efficient for CO, adsorption at 0 °C and 1 bar. The
biochar from pomegranate peel with the micropores in the 0.3-0.57 nm range showed the highest quantity of
1.25 mmol/g CO, adsorption at 25 °C and 1 bar. Deng et al.?%, discovered that increasing the temperature from 0
to 75 °C reduced the range of micropores effective for CO, adsorption from 0.33 to 0.82 to 0.33-0.52 nm range.
The best CO, adsorption capacity obtained at 25 °C and 1 bar, with the pore size in the range of 0.33-0.63 nm.
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According to various studies, biochars are also highly effective for separating CO, from gas mixtures. Gonzalez
et al.?6 studied the adsorption of CO, from a gas mixture (CO,+N,) contarnmg 14 vol% CO, on the biochar
made from almond shells. The selectrvrty of CO, was equal to 33at25°Cand 1 bar.

To determine the ability of biochars to separate CO,, both experimental and theoretical studies have been
conducted. The Ideal Adsorbed Solution Theory (IAST) has been widely applied with experimental data to
estimate the selectivity of CO, adsorption from CO,/N, mixtures?, and valuable insights into the effectiveness
of separation mechanisms have been inferred. By IAST method, the selectivity of CO, from gas mixtures

containing 10-15 vol% CO, + N, on biochars produced from pomegranate peel, wheat flour, and coconut shell
were obtained as 15.1%4, 16. 128 and 22%, respectively, at 25 °C and 1 bar.

Generally, researches on biochars are more focused on synthesis methods and single-component CO,
adsorption experimentally. Although IAST provides a method to investigate CO,/N, binary adsorption, to
the best of our knowledge, CO,/N, and CO,/CH, binary adsorption, effect of presence of water vapor, and
thermodynamic properties have not been investigated. In this regard, molecular dynamics simulation (MD)
can be a valuable tool for working on these cases. Cellulose is the main component of biomass structure which
can be considered as an excellent adsorbent because of its high carbon yield, biodegradability, hydrophilicity,
and low cost®**!. In addition, cellulose-based biochar does not suffer from pore blockage above the relative
humidity threshold*. These properties make cellulose a promising material for producing biochars. So far, MD
on cellulose pyrolysis is mainly focused on the materials formed at different temperatures and time intervals®*-°.

In this study, firstly cellulose-based biochars with different densities are produced by MD simulations. Then,
Grand Canonical Monte Carlo (GCMC) simulations were performed to investigate the effect of density variations
on gas adsorption. The adsorption of the pure gases CO,, CH,, and N, as well as the binary gas mixtures CO,
(0.05)/CH, (0.95) and CO, (0.2)/N, (0.8), were studied. The effect of presence of water vapor on gas separation
was also explored. For both pure and mixed-gas adsorption, the thermodynamic parameters including isosteric
heat of adsorption, Henry’s constant, Gibbs free energy change, and entropy change of adsorption, were
determined. Dual-site Langmuir (DSL) adsorption model was also used to represent the isothermal data of pure
and mixed-gas adsorption on biochars.

Methodology

Molecular model

The initial structure of cellulose was created with cellulose-builder software®. The fractional crystallographic
coordinates used by this software were published by Nishiyama et al.*’. The number of repeating D-glucose
units in each chain was ten, making the degree of polymerization (DP) equal to 10. Twenty cellulose chains were
created in a cubic cell with a side length of 81.39 A using Packmol software. The dimensions of the simulation
box were chosen to avoid overlapping of atoms. Periodic boundary conditions were adopted to all directions.

Generation of biochar structure

The structures were subjected to annealing under the NVT ensemble (constant number of atoms, N; constant
volume, V; and constant temperature, T) with a time-step of 1 fs for 0.2 ns from 300 to 700 K (higher than the
glass transition temperature of cellulose T = 500 K). Then, the temperature was decreased to 300 K with a time-
step of 1 fs for 0.2 ns. To create structures with different densities, the initial simulation box was placed under the
NPT (constant number of atoms, Nj; constant pressure, P; constant temperature, T) ensemble at 1 bar and 300 K
to the desired initial polymer densities (0.160, 0.351, 0.458, 0.648, 0.855, and 0.987 g/cm?). The resulting systems
were equilibrated for at least 200 ps at constant volume and temperature. This procedure allowed the chains to
relax to stable configurations before applying the pyrolysis protocol. We used the Dreiding force field*’, that was
used for cellulose repeatedly in previous simulation studies*-%>.

It is worth presenting a short description on ReaxFF’s force field before explaining how the structures were
built. The simulation based on the ReaxFF force field was performed to convert the cellulose to biochar and
simulate the pyrolysis process. The bond order in ReaxFF is determined by the distance between atomic pairs
and is updated at each time step. ReaxFF thus describes the formation and breakup of bonds in real-time. Van
der Waals interactions in this force field are computed as distance-corrected Morse potentials and Coulomb
interactions using EEM*. Reaction routes do not need to be predefined because ReaxFF can automatically
handle changes related to chemical reactions based on atomic distance. This functionality is essential for the
pyrolytic modeling of cellulose with many reactive sites*>. ReaxFF defines the energy of the system as follows*’.

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + Econj + EvdWaals + ECoulomb (1)

In Eq. (1) E e AN nd E, , represent the system energy and the bond energy based on the corrected bond order,
respectively. Accordrng to the valence theory of bonding, the overall bond orders of C and H should not exceed
4 and 1, respectively, which cannot be attained even after correcting the initial bond orders. E, _and E,
are therefore introduced to stand for over and under coordination, respectively. The valence angle is referred
to as E . The penalty energy, known as E_, , is used to reproduce the stability of systems in which two double
bonds share one atom in a valence angle that is not taken into account by E . E,,,. stands for the torsion angle
energy, E . .for the conjugation effect energy, E ;. for nonbonded van der Waals interactions, and E, ;.. for
Coulomb interactions. Due to the Pauli’s principle of orthogonalization and dispersion, these interactions and
attraction energies are influential at short and long interatomic distances.

Reactive MD simulations were performed using NVT ensemble. We used the H/C/O ReaxFF parameters
reported by Chenoweth et al.*%. This force field has been applied many times to cellulose pyrolysis simulations
successfully®>*-3°. The Berendsen thermostat with a damping constant of 0.1 ps was adopted to control the system

temperature. To balance the simulation accuracy and efficiency, a time step of 0.25 fs was considered. The MD
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annealing cycle from
300 to 700 K

simulation for each structure started at the temperature of 300 K and continued to 1500 K with 100 K intervals.
The result of each simulation was used as the initial structure for the simulation at the next temperature. Because
of undesirable decomposition of smaller components, pyrolysis was not continued to temperatures above
1500 K. Biochars were then cooled down to 300 K step by step. The time of each simulation was set at 250 ps
to prevent the conversion of components resulting from thermal decomposition into lighter materials such as
CO, and H, 0. Figure 1 presents a schematic of this process. The simulations were performed with the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)* version lammps-29Sep2021, with the USER-
REAXC package. Furthermore, LAMMPS Python package was used to implement in situ detection of species
based on bonding data extracted from LAMMPS during simulation runs.

Adsorption simulation

The adsorption of CO,, CH,, and N, gases on the six structures were investigated using GCMC simulation
at 300 K and pressures ranging from 0.1 bar to 10 bar. Considering that no chemical reaction occurs during
the adsorption, ReaxFF and Dreiding force field were implemented to describe the molecular and bonding
interactions of biochars. CO, was modeled as a three-site, rigid linear molecule with a charged Lennard-
Jones (LJ) interaction site on each atom. The L] potential parameters for CO, were developed using Harris
and Young’s EPM2 force field*. The parameters for the all-atom CH, potential were taken from Liu et al.>".
N, was considered as a three-site molecule, with two sites on the N atoms and a third on the center of mass™.
Lorentz—Berthelot mixing rules were applied for calculating the interaction parameters between different atoms.
In GCMC simulations, the adsorbent chemical potential (¢), V and T, are kept constant. GCMC cycles involved
10 exchanges (insertions and deletions) and 10 movements (translations and rotations).

First. the amounts of pure gases adsorption were examined. Then, the separation of binary gas mixtures
CO, (0.05)/CH, (0.95) and CO, (0.2)/N, (0.8), with typical molar compositions of natural gas and flue gas,
respectively, was investigated. These conditions are specifically chosen to evaluate the potential of the biochars in
industrial applications of CO, separation, such as natural gas purification and post-combustion carbon capture.
To account for the presence of water vapor, the partial pressure of H,O in the mixtures was adjusted to its
experimental saturation pressure (0.03537 bar, 300 K), while the ratios of CO,/CH, and CO,/N, were fixed
at 0.05/0.95 and 0.2/0.8 in the bulk gas phase, respectively. The L] potential parameters for H,0 were based
on the SPC/E force field provided by Vega et al.>*. The fugacity coefficients in the gas phase were ascertained
using Peng-Robinson® equation of state. 5x 10° configurations for the initial equilibrium were used followed by
2x107, 3x 107, and 4 x 107 configurations for pure gases, binary gas mixtures, and gas mixtures + water vapor,

pyrolysis process,
300 to 1500 K

300 K and 1bar

initial structure after annealing | | Biochar with 0.351 g/cm?

Fig. 1. Schematic of the process of creating biochar with density of 0.351 g/cm®. Gray, white, and red spheres
represent carbon, hydrogen, and oxygen atoms, respectively.
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respectively. To further investigate the guest-host interactions Eq. 2 was used to calculate the isothermal heat of
adsorption (Q,)>.
<NU> - <N><U>

L= + kgT 2
Q <N?> - <N><N> B @

where N is the total number of adsorbed gas molecules, U is the system potential energy, k is the Boltzmann
constant, and angular brackets represent ensemble averages.

Results and discussions

Physical characterization

The products of pyrolysis

LAMMPS trajectories including the bond order were calculated using the Reax/c package®®. Thermal
decomposition of cellulose is illustrated in Fig. 2. According to the data obtained, pyrolysis began at 1300 K and
continued to 1500 K, resulting in thermally decomposition of all the 20 cellulose molecules in the simulation
box. Since pyrolysis began at 1300 K, only the results of 1300, 1400, and 1500 K are shown in Fig. 2.

A cumulative sum of some of the most common components produced from the pyrolysis process were
calculated and are presented in Table S1 of Supplementary Information (SI). The biochar structure contains
heavier components than shown in Table SI, but the most numerous ones are mentioned. As can be seen,
CH, O, and C,H O, are the most significant components formed from pyrolysis. Their amounts increase
as temperature increases, indicating cellulose molecules decompose into smaller pieces. The number of light
molecules such as CHO,, CH, O, H,0, and HO increase at higher temperatures.

Radial distribution function

The radial distribution function (RDF) was used to show the structure distribution of biochars as a function of
distance. Figure 3a and b show the RDF diagrams of the biochars with different densities at a distance of 32 A,
and 4 A, respectively. The RDF chart for biochar with a density of 0.160 g/cm? reaches a value of 1 around 30
A, and, as the density increases RDF decreases. At the highest density (1.098 g/cm?®) RDF reaches unity around
r=17 A. RDF fluctuations are insignificant at distances of > 10 A. For all the densities, RDF decreases as the
density increases. Figure 3b shows that there is a significant peak at r=1.075 A which indicates the distance
between carbon and hydrogen. The peak at r=0.975 A, represents the distance between oxygen and hydrogen.
Next peak shows the distance between the closest oxygen atom and carbon at r=1.425 A. The final important
peak at r=1.575 A shows the distance between two carbon atoms.
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Fig. 2. Distribution of pyrolysis of cellulose obtained from ReaxFF MD simulations at 1300, 1400, and 1500 K.
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Fig. 3. RDF plot for all the simulated biochars (a) at a distance of 32 A, and (b) at a distance of 4 A.
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Fig. 4. Pore size distribution as a function of pore width for biochars with different densities.

Pore size distribution

Mass density is the main factor determining pore size. In many technological applications, biochars are useful
because of their porosity as their most important property. A PoreBlazer v4.0 code®”>® was used to calculate the
pore size distribution (PSD) from geometric measurements taken from the simulation. PSDs of the biochars are
shown in Fig. 4. As expected, the PSDs shift to smaller diameters as the density increases. The peaks appear at
the pore widths of 25.84, 24.82, 24.02, 21.05, 20.16, and 18.51 A for densities of 0.160, 0.351, 0.458, 0.648, 0.855,
and 0.987 g/cm?, respectively. It should be noted that an open structure allows for more space between biochar
components, resulting in larger pores. Moreover, as the density increases, the PSDs become sharper and the
variation in pore size decreases.

Pure gases adsorption on biochars

Using GCMC simulation amounts of pure CH,, CO,, and N, adsorption on biochars were obtained and
compared. Figure 5 displays the adsorption isotherms at 300 K as a function of pressure. It is observed that
the amount of adsorption of gases rise with pressure. CO, has a notable tendency to reach equilibrium at high
pressures. All six biochars have a higher CO, adsorption amount, while N, has the lowest value. Quadrupole
moment of CO, molecules is the main reason for higher interaction with the adsorbent surface. Considering
CH, and N,,, it can be seen that by increasing the density of structures the amount of adsorption decreases,
especially at higher pressures (3-10 bar). At densities higher than 0.648 g/cm?, the rate of reduction of the
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Fig. 5. Adsorption isotherms of pure CH,, CO,, and N, on six biochars with different densities as a function
of pressure at 300 K. The circle, triangle, diamond, and square filled and unfilled with colorful lines and dashed
lines represent the simulation results, and the black dashed lines illustrate DSL model.

amount of adsorption is slower. At a density of 0.987 g/cm?, the amount of adsorption from 0.1 to 10 bar shows
no remarkable change. CO, adsorption is slightly different from CH, and N, In general, it can be said that as the
structure’s density increases, the amount of CO, adsorption decreases. However, this trend is slightly different
at lower densities. As can also be seen in Fig. 5, unlike CH, and N,, where the highest adsorption amounts were
related to the density of 0.160 g/cm?, for CO, the highest amount was adsorbed on the structure with the density
0f 0.351 g/cm?, followed by biochars with the densities of 0.458 and 0.648 g/cm?.

The DSL model parameters were adjusted to pure gases isothermal adsorption data with very good accuracy.
The results are presented in Table S2 of SI. Additionally, Section S.2 in SI contains the thermodynamic properties
for pure gases, including isosteric heat of adsorption, Henry’s constants, surface potential, Gibbs free energy, and
entropy.

Mixed-gases adsorption on biochars

Figure 6 depicts the binary gas adsorption isotherms for the binary mixtures CO, (0.05)/CH, (0.95) and CO,
(0.2)/N, (0.8) on biochars at 300 K and 0.1-10 bar. It is shown that the amount of CH, adsorption decreases with
increasing biochar density. This result is consistent with the trend of pure CH, adsorption. At low pressures, all
biochars adsorb CH, and CO, similarly. However, as the pressure increases the difference between adsorption
amounts become more pronounced. As can also be seen from the CO, adsorption isotherms, the adsorption
amount for the structure with the density of 0.351 g/cm? is higher than the other structures. Therefore, it is
deduced that this adsorbent has a good ability for separating CO, even at 0.05 mol percent. Representation of
the adsorption isotherms of binary mixture of CO, and N, is illustrated in Fig. 7. Similarly, for N, the amount
of adsorption decreases with increasing biochar density. The amount of CO, adsorption is significantly higher
than that of N, which indicates that the adsorbents have a high affinity for CO,. The amount of CO, adsorption
for the mixture of CO, and N, is also the highest at the density of 0.351 g/cm®.

To investigate the separation performance, Eq. 3 was used to calculate the selectivity of separation®.

Siy = (xai/vi)/ (x/y;) 3)

where x and y are the mole fractions of components in the adsorbed phase and in the bulk phase, respectively,
S is the selectivity and subscripts i and j represent the components. Figure 8 shows a comparison of adsorption
selectivities of the biochars for both gas mixtures.

As shown for CO,/CH, mixture, biochar with the density of 0.351 g/cm? at pressures of 0.1-4 bar has the
highest selectivity for CO, separation. At pressures higher than 4 bar, biochar with the density of 0.648 g/cm?
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Fig. 6. Adsorption isotherms for CO, (0.05)/CH, (0.95) mixture on six biochars with different densities as a
function of pressure at 300 K.
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Fig. 8. Adsorption selectivity for (a) CO, (0.05)/CH, (0.95), (B) CO, (0.2)/N, (0.8) mixtures on six biochars
with different densities as a function of pressure at 300 K.

shows the highest CO, selectivity. The reason can be explained by the fact that at pressures above 4 bar, the
amount of CH, adsorption at the density of 0.648 g/cm? is lower than that at the density of 0.351 g/cm®. As shown
in Fig. 6, the amount of CO, adsorption at the density of 0.648 g/cm? shows the third-best performance. Graph
of CO,/N, mixture shows the biochar with the density of 0.351 g/cm? has the highest CO, selectivity among the
other structures. It is also clear from comparing the two graphs that selectivity of the structures for CO,/N, is far
higher than CO,/CH,. Selectivities decline with increasing pressure and approach equilibrium at high pressures.
The heterogeneity of the structures” surface energy can be the explanation for this tendency. Higher selectivity
results from CO, preferentially occupying high-energy sites in the early stages of competitive adsorption.
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With increasing pressure, molecules competitively occupy weaker positions; thus, selectivity decreases until
equilibrium is achieved. In either case, it should be mentioned that the slope of the selectivity changes at low
pressures is higher for the CO,/N,. This indicates that CO, is better adsorbed, and N, is less competitive than
CH,. For a more profound examination of the binary adsorption mechanism, the thermodynamic parameters of
the two mixtures (CO,/CH, and CO,/N,) are provided in Section S3 of SI.

Effect of the presence of water vapor on mixed-gas adsorption

Since biochar with the density of 0.351 g/cm® showed the highest CO, selectivity for both mixtures, it was
chosen to explore the effect of presence of water vapor on adsorption. The molar ratios of the mixtures are
introduced in “Adsorption simulation” Section. Figure 9 shows the results of the adsorption isotherms for the
binary CO,/CH, and CO,/N, mixtures in the presence of water vapor. According to Fig. 9a, addition of water
vapor to the gas mixture did not affect CH, adsorption significantly. However, CO, adsorption decreased due
to competition between water vapor and CO,. Amount of H,O adsorption increases with pressure and is much
higher than CO, and CH,. This observation is the result of hydrogen bonding between the biochar’s structure
and water molecules. Cellulose conversion to biochar has created structures with hydrogen bonds, which have
made them suitable substrates for H,O adsorption. As it is illustrated in Fig. 9b, addition of water vapor to CO,/
N, gas mixture has a small effect on N, adsorption but strongly affects CO, adsorption. The contact surface of
CO, molecules with the adsorbent surface has been decreased due to saturation of spaces by water molecules.

Conclusions

This work studied the influence of biochars with different densities, prepared from cellulose pyrolysis, on the
adsorption of pure CO,, CH,, and N, gases, as well as mixed gases (COZ/CH 4 and Coz/Nz) using GCMC
simulations. Results showed that higher biochar densities resulted in lower CH, and N, adsorption amounts.
The adsorption amount of CO, was more on biochars with 0.351 and 0.458 g/cm® densities. Thermodynamic
parameters were used to analyze the adsorption behavior. It was shown that CO, because of its quadrupole
moment, had a more vital interaction with biochars than CH, and N, resulting in higher selectivity.

This study also examined the effect of water vapor on mixed-gas adsorption. Water vapor had little effect on
CH, and N, adsorption, while it significantly inhibited CO, adsorption resulting from competition of hydrogen
bonding with biochars’ active sites. These results demonstrated that cellulose-derived biochars, particularly with
certain specific densities, hold up as a good prospect for selective CO, separation and thus are likely to provide
a sustainable and effective adsorbent for gas purification and greenhouse gas reduction technologies. Future
research should focus on optimizing the properties of biochars and assessing their performances in large-scale
gas separation processes. Moreover, deeper insight into the competition between CO, and O, on the surfaces
of biochars under conditions of flue gas will further help in improving their industrial adsorption capabilities.
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Fig. 9. Adsorption isotherms of (a) binary CO,/CH, and ternary H,O0/CO,/CH, mixtures and (b) binary
CO,/N, and ternary H,0/CO,/N, mixtures on the blochar with den51ty of 0 351 g/cm at 300 K as a function
of pressure The molar ratios of CO ,/CH, and CO,/N, are 5/95 and 20/80 for both binary and ternary
mixtures, respectively. The partial pressure of HZO in both mixtures is 0.03537 bar.
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