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Abstract

This work presents a comprehensive analysis on the CO2 gasification of Miscanthus derived
biochar by using the combined experimental and computational methods. The empirical
formula and 2D molecular model of the biochar were proposed based on the results from
elemental analysis, Fourier infrared spectroscopy and solid-state *C-NMR spectroscopy. The
Density Functional Theory (DFT) method was used to study the conversion of biochar to the
gaseous products under the CO2 condition at the b3lyp / 6-31g (d, p) level. The reactants,
intermediates, transition states and products during the CO: gasification process were
analyzed and the activation energy (4E) of each reaction step and thermodynamic parameters
(Gibbs free energy 4G and Enthalpy 4H) were obtained. By comparing the kinetic and
thermodynamic parameters of different reaction paths, it was found that the proposed Path 1
and Path 5 could occur spontaneously with the changes in Gibbs free energy (4G) being -
182.6 kJ/mol and -170.6 kJ/mol, respectively. The order of the reaction path was Path 1 <
Path 5 < Path 3 < Path 4 < Path 2, in terms of the degree of difficulty. It was also found that
for the benzene ring having a ring-opening reaction, when the substituents were located in 2
and 3 carbon atoms or 2, 3 and 5 carbon atoms, the C-C bond between 1 and 6 carbon atoms

was more prone to homolytic reaction than that between 1 and 2 carbon Atoms.
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Nomenclatures

Cs (Re)Active Carbon Site

T Reaction Temperature

AE Internal Energy

AEo Internal Energy at the Ground State
AEelec Internal Energy

ZPE Zero Point Energy

AEtrans Translation Energy

AErot Rotation Energy

AEw . Vibration Energy

AG The Change in Gibbs Free Energy
AH The Change of Enthalpy

AS . The Change of Entropy

Abbreviations

DFT Density Functional Theory

MS Miscanthus

TGA Thermogravimetric Analysis

FTIR Fourier Transform Infrared Spectrometer
TS Transition States

1. 1. Introduction

The raising concerns on energy security and environmental issues have caused
significantly increased demand and consumption of renewable energy resource and been
driving the technology innovation and development. Biomass, as the only renewable carbon

source, is a significant part of the future energy matrix .



Gasification is an advanced thermal conversion process that can convert solid biomass
into fuel gases that can be directly used in internal combustion engines and turbines for
energy production. Conventional air blown gasification involves partial combustion of
feedstock to raise the gasification temperature and generation CO and COz. The former is a
part of the syngas, while the latter is a precursor of CO as it can be reduced by the carbon in
the char to produce CO. The behavior of CO: is a vitally important factor during the
gasification process, as it determines the quality of the final product. Apart from the
conventional process, CO2 could also be directly utilized instead of air as a gasification
medium to enhance the overall carbon conversion rate and improve the quality of the final
product. ! A number of experimental studies have been conducted to investigate the influence
of the temperature, pressure, heating rate, mineral content, pore structure and catalyst on the
gasification of biochar in CO2 atmosphere,’® and computational models have also been
established to analyses the biochar reaction.’® ! These studies have provided experimental
evidences on the feasibility of CO: gasification of biochar and explanations on the
complexity of the gasification process.

Density functional theory (DFT) is a widely applied computational chemistry technique,
which can be used to explore the reaction mechanism at the molecular level. The DFT
molecular modelling can provide various information (e.g. molecule energy and structure,
transition state energy and structure, vibration frequency, thermochemical properties, bonding
and chemical reaction energy, chemical reaction path), which is useful to understand the
interactions between carbonaceous solids and gases at different temperatures.!> The DFT
method has been used to research the reaction mechanism of the thermochemical conversion
processes including pyrolysis and gasification.’* The DFT study on the mechanism of
gasification normally involves two steps, including creation of the molecular model for the

raw material and simulation of the gasification process to understand the decomposition



mechanism. Xiao et al.'” reported the molecular structure of biochar based on aromatic
clusters by applying solvent exfoliation, high-resolution transmission electron microscopy
with Cs-correction and quadrupole time-of-flight mass spectroscopy. It is indicated that the
basic molecular units of biochar and coke are aromatic clusters, which show disordered
folding and accumulation. They also established the quantitative relationship between H/C
atomic ratio and the size of aromatic clusters by combining hundreds of published works on
various biochar.’® Zhao et al.'® analyzed the molecular structure of biochar samples from
corn straw and poplar leaf by elemental analysis and spectral techniques and established the
molecular structure model based on the analysis. These studies provided useful methods for
the construction of molecular structure model of biochar and protocols for the results
verification.

Although the reactions of carbonaceous materials with CO2 have been studied using
quantum chemical simulation methods,*> 2% 2! there is limited work on addressing the
structural model of the specific biochar. Some previous works focused on the simulation of
the chemical adsorption of the oxygen-containing gases on the surface of carbonaceous
materials,??* which can be regarded as the first step in the CO2 gasification process.
Montoya et al.?® used the DFT method to explore the process of CO molecule desorption
from carbonyl surface species in the gasification and combustion of char. It was found that
the spread of the desorption activation energy depended not only on the shape of the active
site, but also on the aromatic character of the molecular model and the oxygen complex
environment that surrounded the carbonyl group. The desorption was also part of the CO2
gasification process. Li et al.?® carried out ReaxFF simulation and DFT calculation for lignite
and lignite-CO2 modelling with the main purpose to exploring the formation path of CO and
the change of enthalpy and entropy during the process. It was suggested that most of the

elementary reactions in the CO formation pathways were entropy increasing processes, and



high temperature was favorable for these relations. However, this work ignored the problems
related to the transition state structure in the reaction path. Roberts et al. 2’ used 7x7 and
11x11 parallelogram-shaped carbon structures as the char model, and conducted
experimental measurements and DFT atomic modeling. The main purpose was to explore the
chemical properties of active sites in char with different structures. The results showed that
the mean nucleophilic Fukui function of the H-terminated char models and active sites
located at similar edge positions decreased with increasing size of char molecules and
followed the sequence of zigzag > armchair > tip active sites. However, this work ignored the
influence of other functional groups in the char on the reaction mechanism.

Further to the previous research discussed above, this work was conducted to investigate
the gasification mechanism of the miscanthus derived biochar under the CO2 environment by
using the combined experimental and computational DFT methods. A 2D molecular
structural model of the biochar was developed based on the results from elemental analysis,
Fourier transform infrared spectroscopy and nuclear magnetic resonance analysis. The model
described the functional groups existing in the biochar molecule, which is the basis for
accurately describing the decomposition process of biochar and the subsequent gasification
mechanism. Combined with experimental analysis, the specific reaction pathway of biochar
CO:z2 gasification reaction was proposed, and then the density functional theory (DFT) was
used to model the reactants, transition states, intermediates and products in the gasification
process. The comprehensive kinetic and thermodynamic data of the gasification reaction path
are presented. Different gasification reaction paths were analyzed and compared according to
kinetic and thermodynamic parameters. The optimized reaction path was obtained. All the
Kinetics data and reaction pathway would be highly useful for computational modelling of the

gasification process and reactor design.



2. Materials and methods
2.1. Feedstock and the preparation of biochar

The Miscanthus was collected from a local farm in Changsha, China. The samples were
milled and sieved to obtain fine particles smaller than 74 pm. The Miscanthus samples were
firstly pyrolysed at 600 °C with a heating rate of 10 °C/min in a tube furnace for
carbonization. The final temperature was hold for one hour to ensure the samples were fully
converted. The product biochar was sealed and stored for further analysis. Table 1 shows
analyses of the Miscanthus and biochar samples on dry basis.

Table 1 Proximate, ultimate analysis of Miscanthus and biochar

MS (wt. %) Biochar (wt, %)

Ultimate C 47.36 71.54
analysis @ H 6.65 3.02

o* 39.62 12.85

N 0.29 0.55

S 0.10 0.14
Proximate Ash 5.98 11.9
analysis @ Volatile 72.89 17.27

Fixed carbon 21.13 70.83

3 Dry basis, “ calculated by difference.
2.2. Building the molecular structure of biochar

The molecular structure of the biochar samples was determined by experimental
characterization followed by computational simulation. The results were later verified. Firstly,
a general empirical formula was obtained in accordance to the results of elemental analysis.
Then the molecular structure model was determined based on the results from infrared

spectrum analysis and solid *C-NMR spectrum. The molecular structure model was



constructed by ChemBioDraw Ultra software. Verification was conducted by comparing the
experimental elemental composition and solid-state 3C-NMR spectra of biochar with the
simulated biochar model. The simulation of solid-state *C-NMR spectrum was achieved by

using the MestReNova software.

2.3. Biochar gasification and product analysis

The COz2 gasification of the char samples were performed by using a Mettler Toledo
TGAZ2 thermogravimetric thermal analysis system. The biochar samples were heated from
room temperature to 900 °C under a pure carbon dioxide environment with a heating rate of
20 °C/min. The final temperature was held for 30 min. The mass of each TG sample was 10 +
0.5mg. The TGA was coupled to a Bruker TEMSOR Il Fourier transform infrared
Spectrometer (FTIR), which was used to analyze the real-time gaseous products during the
gasification process. The heated transfer line was maintained at 250 °C in order to avoid
volatile condensation. The test range of FTIR absorption band was 4000-400 cm™. The solid-
state *C-NMR spectra were measured by an Ascend 400 NMR analyzer with a frequency of
100.63 MHz, a spectral width of 100 KHz and a pulse width of 4 ps. The spectra probe was
solid double resonance probe. Acquisition conditions were 0.0051 s sample time and a scan
number of 4096. Peak groups were interpreted as follows: 0-50 ppm, alkyl-C; 50-110 ppm,
O-alkyl-C; 110-165 ppm, aryl-C; 165-190 ppm, carboxyl-C; and 190-230 ppm, carbonyl-
C.19 All experiments were repeated three times and the average results were taken to ensure
the reproducibility of the results. During the experiment, we used well calibrated equipment
and endeavored to strictly follow the standard experimental procedure and conditions in order
to minimize the system and random errors. It is reported that the standard relative error of the
TG-IR experiment results is less than 4%, and the relative error of the solid-state 13C-NMR

experiment results is less than 3%.



2.4. DFT modelling of CO: gasification process

The general process of CO2 reduction with carbon can be described by the following
Equations (1)- (4).

Initially, the CO2 gas molecule is chemisorbed on the active site Cs on the char surface®®

C+CO2—C/(CO2) (1)

This is followed by dissociation of the adsorbed CO2 to form CO, and an oxygen surface

complex C/(O) (e.g. quinone) on the char surface, as shown in Eq. (2),
CA(CO2)—CA0O)+CO (2)

The subsequent formation of additional CO molecules is resulted from the O-complex
decomposition, which interacts with the solid carbon on the char surface to give CO
molecules, shown in Eq. (3). Montoya et al. * demonstrated that the six-membered ring
containing the O-complex underwent bond weakening and broken to form the CO gas
molecule. After the loss of CO, this ring may collapse to form a five-membered ring, or
accompany the formation of a defect, which would act as another active carbon site to
continue the process of CO2 gasification.

C(0)—CO 3)

The process shown in the Equations (1)-(3) can combine to give the Boudouard
reaction, shown in Eq. (4) .>° The mechanisms, however, include intermediate reactions
associated with the bond weakening, breaking, and re-arrangements.

C+C02—2CO (4)

The DFT method has been effectively applied to calculate and analyze the electronic

structure of large molecular system in the previous research.®! In this work, the DFT

calculation was based on the B3LYP (Becke’s three parameter gradient corrected exchange
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functional with the gradient corrected correlation function®?) and 6-31G(d, p) basis set (“6-
31G” is an expression of splitting valence bond basis set. “d” and “p” are addition
polarization functions of carbon and hydrogen, respectively®®), which consists of optimizing
the equilibrium geometries including reactants, intermediates, products and the transition
states. The Transition States (TS) method was employed to identify each the transition state
during the gasification' to ensure that each transition state has only one unique virtual

frequency. The transition state was verified by using the Intrinsic Response Coordinate (IRC)

method.

Thermodynamic data including changes of enthalpy (4H) and the Gibbs free energy (4G)
were calculated to identify the priorities of the reaction pathways.
The change of Enthalpy was calculated by the following equations:

AH=AE+nRT (5)

AE=AEo+AEtrans+AErot+AEvb (6)

AEo=AEciec+ZPE 7)
where, n is the number of moles of gas, R is molar gas constant, T is temperature, AE is
the internal energy, AEo is the internal energy at the ground state, AEeiec is internal energy,
ZPE is zero point energy, AEwans is translation energy, AErot is rotation energy, and AEw is
vibration energy.
The change in Gibbs free energy calculation equation:
AG=AH-T-4S (8)
where, 4G is the change in free energy, 4AH is change of enthalpy. T is reaction

temperature, 4S is the change of entropy.



According to the thermodynamics laws, when 4H<O0, the reaction is exothermic; and
when AH> 0, is the reaction is endothermic. When A4G<0, the reaction can occur
spontaneously; and when 4G>0, the reaction cannot occur spontaneously AG. The value of
AG determines the conversion rate of reaction in equilibrium state.

According to the Transition State Theory, the activation energy is the minimal potential-
energy difference between transition state and reactants in ground state.3* The temperature
has a minor impact on the thermodynamic performance; it was therefore not accounted in the
calculation of the activation energy Eo. For free radical reactions, the bond dissociation
energy was considered equaling to the activation energies. All processes was calculated at

default condition (298K, 0.1MPa) in Gaussian 16 suites of programs.®

3. Results and discussion
3.1. Biochar analysis

As shown in Table 1, the Miscanthus biochar contains more than 71% carbon, 3%
hydrogen and about 12% oxygen with trace amount of nitrogen and sulfur on the dry basis.
This implies that oxygen will have much greater impact on the formation of active sites than
nitrogen and sulfur. To simplify the char model, nitrogen and sulfur were not considered in
the construction of the biochar molecular model. Initially the empirical formula of the
conceptual model was normalized to 1 carbon atoms: CiHxOy. The normalizing coefficients
were then calculated according to the experimental elemental compositions and the molecule
weight of the elements. The derived biochar empirical formula is CiHo.5100.13. According to
the quantitative relationship between the H/C atomic ratio and the size of aromatic clusters
established by Xiao et al.'®, the aromatic cluster contains about 70 carbon atoms. Considering
the carbon atoms contained in other functional groups, the number of carbon atoms in this

model was determined to be 77. It should be noted that the ash content was not considered
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when deriving the empirical formula for biochar. The obtained biochar empirical formula is
therefore C77H39010.
3.2. Infrared spectrum analysis of biochar

Fig. 1 shows the infrared spectrum of the biochar. The band assignments of the
functional groups are shown in Table 2. There is a wide and strong band between 3800-3200
cm’!, meanwhile, a relative week peak presented at 1000-1260 cm™ (CO stretching). This
implies that the hydroxyl groups of alcohols, phenols and carboxylic acids are relatively
insignificant, hence the main -OH groups were from water.*® The weak peaks at 3000-2850
cm ' and 1460-1375 cm™! are related peaks, indicating the presence of a small amount of
aliphatic CHx. The peak at 1720-1690 cm™! indicates the presence of carbonyl or carboxyl
groups in biochar. The peak at 1032 cm™! is due to the aromatic ring stretching vibration or
C-O stretching vibration, which indicates the existence of ether bonds. Since the saturated
fatty ethers are not stable, the cyclic ethers are the dominant groups. The peak at 900-670
cm ! corresponds to external bending vibration above the aromatic ring. The number, position
and intensity of these absorption peaks depend on the number, position and nature of the
substituents of the aromatic ring, 880-860 cm™ and 810 cm™ represent the one adjacent H
deformation and the two adjacent H deformations, respectively. This indicates that the
substituents on the aromatic ring are mostly 3-substituted and 4-substituted, where the
position of the 3-substituted substituent is mainly (1, 2, 4), and the position of the 4

substituted substituent is mainly (1, 2, 3, 5).
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Fig. 1 FTIR spectrum of biochar

From the results of infrared spectrum analysis, the main functional groups within the
macromolecular structure of the biochar can be derived. The side chains are mainly aliphatic
hydrocarbons, with an average carbon number of one. The oxygen-containing groups exist
mainly in the form of hydroxyl groups and ether groups. The hydroxyl groups mainly present
in the form of phenolic hydroxyl groups. The ether structure presents in the form of phenoxy,
phenhydroxy and methoxy groups with limited carbonyl groups. Most of the substituents on
the aromatic ring are 3 and 4 substitutions, where the positions of the 3 substituted

substituents are (1, 2, 4), while the positions of the 4 substituted substituents are (1, 2, 3, 5).

Table 2 Band assignments of the most prominent peaks in the FT-IR spectra of biochar

samples.3740

Wavenumber(cm™) Assignments

3400-3320 -OH stretching vibration

2923 Aliphatic CHs asymmetric stretching vibration
2900 Aliphatic CH2 asymmetric stretching vibration

12



1720-1690

1670-1600

1460

1380-1375

1300-1100

1032

880-860

810

Conjugated aromatic C=0

Aromatic ring stretching C=0 or C=C

Aliphatic chains CHs-, CHz-

Aliphatic chains CHs-

Hydroxybenzene, aether, C-O, C-C, -OH

Aromatic ring stretching vibration or C-O stretching vibration

Aromatic nucleus CH, one adjacent H deformation

Aromatic nucleus CH, two adjacent H deformation

3.3. Solid-state 3C-NMR analysis of biochar

Fig.2 (a) presents the solid-state *C-NMR spectra of the measured of biochar prepared
at 600 °C. The spectra of biochar showed a broad signal spanning from 90 to 160 ppm, with
the predominant component centered at 123 ppm. The 110-165 ppm region attributed to
aromatic carbon and the peak around 72 ppm was most likely due to methoxyl groups and

ether-bound aliphatic carbons. For biochar, the amount of aromatic carbons was 74.47 %.

Table 3 lists the percentage of the area for each functional group presented.
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Fig. 2 Measured and simulated solid-state C-13 NMR spectra of biochar

(a) Experimental result; (b) Simulated result

3.4. Molecular structural verification

Considering the analysis results of element analysis, FTIR and solid-state *C-NMR
spectra, and in order to obtain the model structure, which is most consistent with the structure
of biochar, the empirical formula is modified appropriately. The final empirical formula is
C77H44011. The final 2D molecular structure model is shown in Fig 4. In order to verify this
structural model, the solid-state 3C-NMR spectrum of the biochar structure was simulated by
using the MestReNova software. The result is shown in Fig 2 (b). Since the area under the
NMR spectrum is directly proportional to the number of nuclei providing this area, the
proportion of different chemical functional groups of the measured and simulated biochar
models was calculated from solid-state *C-NMR spectra. The comparison results are shown
in Table 3. It can be seen that the chemical functional groups obtained by experimental means
are close to those of the simulated biochar model in both types and quantities. The results of
simulated elemental results are in a close agreement with the actual analysis carried out with

the real sample. This suggests that the proposed 2D structural model is aligned to the
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measurement data and can be a valid representation of the char structure. This biochar
structure model is used for further pyrolysis mechanism analysis.

Table 3 Verification of the simulated model

Biochar Simulated Model

Empirical formula C77H39010 C77H44011

C(%) 71.54 7153
Elemental compositions H(%) 3.37 3.40

O(%) 13.19 13.61
Alkyl-C 50-50 2.52 6.10
O-alkyl-C 050-110 16.52 15.45
Aryl-C 0110-165 74.47 74.58
Carboxyl-C 0165-190 4.26 2.26
Carbonyl-C 8190-230 2.23 1.61

3.5 CO2 gasification and subsequent reaction kinetics analysis

Fig 3 shows the TG curve and the trace of the main gasification products (CO and CHa)
during the COz2 gasification of biochar. The CO2 gasification process includes three stages,
namely drying, steady and gasification stages. After drying, the TG curve was stable from
100 to 650 °C with negligible mass loss. The main gasification reaction occurred from 650 °C
with the highest weight loss rate after 900 °C.

The FTIR analysis showed the tendency of gas products during gasification. The gas-
phase products is mainly CO and CHa (the absorbance peaks are 2180 and 3015 cm™,
respectively), The yield of other gases (i.e. H20, Hz, COz2) was not measured, as their yields
are normally extremely low, being almost two orders of magnitude different as indicated by

Sikarwar et al and Lahijani et al.*"*2 According to the Beer-Lambert law, the absorbance of
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the gas product measured by FTIR is directly proportional to its concentration. The gas
release curve indicates a very small amount of CH4 was produced during gasification. The
CO release however, was negligible when the temperature was below 650 °C but began a
sharp increase thereafter. This meant 650 °C is the zero boundary temperature. Upon reaching
900 °C with a hold time for 3 minutes, both the DTG and CO release curves reached peaks at
the same point. This was due to the intensive Boudouard reaction taking place at high

temperature.

TG (%)
DTG (%-min™)

Absorbance
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Fig.3 Results of TGA and in situ FTIR for gas release

3.6. Dynamics analysis of the CO2 gasification reactions
3.6.1. Reaction pathways of CO: gasification

The proposed conceptual 2D molecular structural model, as shown in Fig.4, consists of a
series of benzene and heterocyclic ring structure, which are connected by C-C single bonds.
Considering that the bond energy of C-C single bonds is significantly lower than that of
benzene and heterocyclic structures bond energy. According to the structure, the designed

gasification reaction path can be considered in two stages. The first stage is the homogeneous
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cleavage of the C-C single bond, in which the active site and permanent gases were formed
(shown in Fig 4). The second stage, shown in Fig 5, is the CO2 reduction, in which it includes
three steps, namely CO2 chemisorption on reactive edge, the loss of first CO gas molecule
through dissociation of adsorbed CO2 molecule, and the formation of the second CO gas
molecule. The reduction process is repeated continuously during the gasification process until
the entire gasification process is completed. Both the part 1 and part 5 form only one active
site, hence each has only one reaction path. When forming the second CO molecule, there are
two ways for bond breaking, which will form a competitive reaction. Part 2, Part 3 and Part 4
have two active sites, and each have two reaction pathways. Table S1 in the Supplementary
Materials shows the equilibrium geometries of partial reactants, intermediates and partial
transition states after optimizing and lists the key structure parameter of the species, including
bond length, bond angle and dihedral angle. In order to facilitate the study of the related laws
of the ring-opening reaction, the C atoms of the benzene ring in the molecules that are about
to undergo the ring-opening reaction are numbered, and the ketone C atom is number 1, and

they are numbered in order along the direction of the substituent.

o ¥ 7 L i
° @
6D Yo &

part 1 part 2 part 3 part 4 part 5

Fig.4 Initial gasification pathway of conceptual molecular structure
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(c) subsequent reaction of part 3
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Fig.5 subsequent reaction of conceptual molecular structure

3.6.2. Thermodynamics analysis of the decomposition reactions

Table 4 shows thermodynamic parameters of each reaction path. The results indicate
that the Path 1 (subsequent reaction of part 1) and Path 5 are able to occur spontaneously,
because their 4G are less than zero. By comparing the 4G of each reaction pathway, it can be
found that the order of 4G value is Path 1<Path 5<Path 3<Path 4<Path 2. It also shows that,
in different temperature range, the production of CO was originated from different reaction
paths. In the low temperature stage (<800 °C), CO was mainly produced follow the path 1.
And, after this stage, the CO produced is mainly from path 2. Path 1 is an exothermic reaction,

as its 4H value is negative (-91.7 kJ/mol), while Path 2, Path 3 and Path 4 are endothermic



reactions. For Path 2, the 4H value of the pathway 2-2°—2-6’ is lower than that of 2-2—2-6,
which is 924.8 kJ/mol. The 4H of the pathway 3-2—3-6 in Path 3 is lower comparing to 3-
2’—3-6", which is 371.6kJ/mol. For Path 4, AH of the pathway 4-2—4-6 in Path 4 is lower
comparing to 4-2°—4-6, which is 453.7 kJ/mol.

Table 4 Thermodynamic parameters of each reaction pathway

Thermodynamic parameters (kJ/mol)

Pathway
AH AG

Path 1 1-2—1-6 -91.7 -182.6

2-2—2-6 930.0 842.0
Path 2

2-2°—2-6 924.8 837.8

3-2—3-6 371.6 300.7
Path 3

3-2’—53-6 441.6 366.1

4-2—4-6 453.7 372.6
Path 4

4-2°—4-6’ 538.0 452.9
Path 5 5-2—4-6 -79.3 -170.6

3.6.3. Dynamics analysis of the decomposition and subsequent reactions

Fig. 6 shows the sectional drawing of the energy profile within each decomposition
pathways. In Path 1, reactant 1-2 is converted to intermediate 1-3 via the transition state TSi-1.
The reaction is a decarbonylation reaction with an energy barrier of 19.1 kJ/mol. The energy
released by the decomposition reaction is 31.5 kJ/mol. Compound 1-3 can be further
decomposed through two competitive reaction pathways. At this time, the substituents on the
benzene ring that will undergo the ring-opening reaction are located on the 2, 3, and 5 carbon
atoms. The first reaction pathway is to form the intermediates 1-4 via TSi1-2 through the ring-

opening reaction with the bond between land 2 C atoms is broken, and the energy barrier is
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285.6 kJ/mol; the second reaction pathway is the formation of intermediate 1-5 via TSi3
through the ring-opening reaction with the bond between 1 and 6 carbon atoms is broken, and
the energy barrier is 172.9 kJ/mol. Comparing the energy barriers of the two reaction
pathways, it can be seen that the energy barrier of the second reaction pathway (1-3—TS:-
3—1-5) was lower and the bond between 1and 6 carbon atoms is relatively weak. The first
reaction pathway was endothermic, which would absorb 156.1 kJ/mol energy, and the second
reaction pathway was exothermic, which could release 86.4 kJ/mol energy. Intermediates 1-4
and 1-5 were decomposed into product 1-6 and by-product CO through decarbonylation.
Therefore, considering the energy barrier analysis, the optimal reaction pathway for Path 1
was 1-2 — 1-3 — 1-5 — 1-6. During the real gasification process, the reaction is most likely
to take place as this optimal reaction pathway. In addition, analysis of the entire reaction path
reveals that the energy barrier of the ring-opening reaction is significantly higher than that of
the decarbonylation reaction, This indicates that the decarbonylation reaction can quickly
complete with a high conversion rate, while the ring-opening reaction is relatively slow.
Therefore, the ring-opening reaction is the key reaction to control the reaction rate.

Fig.5 (b), (c) and (d) show the reaction path of Path 2, Path 3 and Path 4, respectively.
From the conversion pathway diagrams, it can be seen there are two active sites in each Path
and the reaction route was similar to that of Path 1. The reactants were decomposed into
respective transition states through the decarbonylation reaction, and then the intermediates
were converted from the transition state form intermediates via a transition state through the
ring-opening reaction. The intermediates were finally decomposed to the final products.
Fig.6 (b), (c) and (d) presented the energy barriers of transition state from Path 2, Path 3 and
Path 4 respectively. For Path 2, it can be seen that the energy barrier of TS2-2 was lower than
that of TS2-3, which was 451.1 kJ/mol, while the energy barrier of TS2>* was lower than that

of TSz-3>, which was 413.8 kJ/mol. The energy barrier of TSz2>» was lower than that of TSz2-2
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by comparison. This indicated that the optimal reaction pathway for Path 2 was 2-2°—2-
3’—2-4’—2-6’. For Path 3 and Path 4, the reaction pathway was the same as Path 2, hence
the optimal reaction pathway for Path 3 and Path 4 are 3-2°—3-3’—3-4"—>3-6" and 4-2°—4-
3’—4-4’—4-6’, respectively. These optimal paths are considered to be the most likely
reaction direction to occur during the gasification reaction. In these paths, the substituents
on the benzene ring of the ring-opening reaction of intermediates 2-3 and 2-3 are located at
carbon atoms 2 and 3, and the substituents of intermediate 4-3 are located at carbon atoms 2,
3 and 5. The substituents of intermediates 3-3 and 4-3 are located at carbon atoms 3 and 4,
and the substituents of intermediate 3-3 are located at carbon atoms 2, 3, 4 and 5. When the
substituents on the benzene ring of the ring-opening reaction are located in carbon atoms 2
and 3 and carbon atoms 2, 3 and 5, the C-C bond between carbon atoms 1 and 6 is always
weaker than that between carbon atoms 1 and 2. Comparing the three reaction paths as a
whole, the common characteristics could be derived. The energy barrier of the ring-opening
reaction is significantly higher than that of decarbonylation reaction. This indicates that the
ring-opening reactions were the key reactions that drove and controlled the reaction rate in
the three reaction paths.

In Path 5, reactant 5-1 was decomposed into intermediate 5-3 via transition state TSs-1
with an energy barrier of 30.2 kJ/mol. The intermediate 5-3 was further decomposed in two
different pathways with the same way of Path 1. Comparing the two pathways, the energy
barrier of pathway (5-3—5-5) was lower than that of the other, which is 236.2 kJ/mol.
Ultimately, the intermediate 5-4 and 5-5 were decomposed into product 5-6 and by-product
CO, giving the optimal reaction pathway for Path 5 being 5-2—5-3—5-5—5-6. In this
reaction path, the substituents on the benzene ring of intermediate 5-3 are located at 2, 3 and
5 carbon atoms, which is the same as that obtained before. The C-C bonds between 1 and 6

carbon atoms are more prone to homolysis than those between 1 and 2 carbon atoms. At the
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same time, it can be found that the energy barrier forming the first CO was significantly
lower than the energy barrier forming the second CO, which was the same to other reaction
paths.

Summarizing the comparison among the five subsequent reaction paths, the optimal
reaction paths were identified. A comprehensive comparison of the energy barriers of the five
best reaction paths indicated that path 1 had the lowest energy barrier of 141.7 kJ/mol and
path 2 had the highest energy barrier of 918.0 kJ/mol. The order of the calculation results of
energy barrier in each gasification reaction was: path 1 <path 5 <path 3 <path 4 <path 2. This
result is consistent with the calculation result of 4G. It can be further deduced that CO is

mainly produced by Path 1, when the gasification temperature is relatively low; while CO is

mainly produced by Path 2 when the gasification temperature exceeded the 800 °C.

00 1000
']-va: 26 26
250 . 9004 o A
o s LA 1 /
) p,,, 25, e
200 ; 800 I
150 fBe 700 : ‘
g 1001 * k3 2 600+ i
= £
Sy TS 2 500 - ;
= 1-2 T P TR ; [ 18
i e 19.1 B — | 4526, o4 S, \ [ |
0 0 1t 400 S A N
N 3007 s s / 4241 306.2
2 1-6 4 gt 2 b 2602 4
-1004 18, ceges (}) g WG o AT u-‘i"
150 By S W Ts
(a) Path 1 (b) Path 2
4501 o 6
fos3 S,
400 6769+ &5
1 600 -
3501 rs '.~j:(6—7,() 1S, 15 . ¥
®e im0 4 M S 45 403
i w9 o ] Il 500 . iz d
B s, I = 419
§ 250 (2632 N vl 2 400
¥ 1. S Ao X =
22004 P 5:300_
150 f = DB e
] : B4 | i 20322 ) /
T B 32 13T z 200 - [ TSy 44
10 C13s 130 . 7 TS, . TS, . 16851654 7
51 .. . TSy g L i T
04 = 32745 ™, 3-3 35 ol - :
.5 0 .0 0 0- - = =

23




(c) Path 3 (d) Path 4

300- S,
250 5 oy
200 L
_ 150 s 1135,
3 . 1434,
=100 4
% .
o 504 I\_
5 30.2 2 ok
01 o Fd
14.0
-50 :
-100 1 -86.6
(e) Path 5

Fig.6 The potential energy profile of the decomposition reaction pathways

4. Conclusion

In this paper, the 2D molecular structure of Miscanthus derived biochar were developed
and the gasification mechanism under the CO2 environment was investigated by applying
DFT method at B3LYP/6-31G(d,p) level. One initial gasification pathway and five
subsequent pathways were proposed. The 4H and AG of five subsequent pathways were
calculated and discussed. The activation energy of each reaction was studied. The key

conclusions are:

e The empirical molecular formula of biochar was determined to be C77H44011.The
molecular structure model of biochar was formed by aromatic structure with functional
groups including aliphatic carbon, carboxyl group, phenolic hydroxyl group, and
aldehydes.

e Path 1 and path 5 can occur spontaneously during gasification process. The order of the
reaction path, in terms of the degree of difficulty, was Path 1 <Path 5 <Path 3 <Path 4 <

Path 2.
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e In the gasification process, for the benzene ring which undergoes ring-opening reaction,
when the substituents are located in 2 and 3 carbon atoms or 2, 3 and 5 carbon atoms, the
C-C bond between 1 and 6 carbon atoms is more prone to homolytic reaction than that

between 1 and 2 carbon Atoms.

Supporting Information
Partial geometric structure and key structure parameter optimization for the discussion

in Section 3.6
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