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We report results of theoretical evaluation of the mechanisms of possible radical reactions on the edge-
site of biochar with CO;, OH, and H in irradiated aqueous solution. The computational studies were per-
formed for model poly aromatic systems. Obtained mechanisms reflect one of the routes of the oxygen
loss accompanied by increase of hydrogen content, as observed in photochemical experiment. The reac-
tion of CO, with the edge site of biochar mainly leads to reduced rather than oxidized products. The
mechanism of CO, capturing is mapped by different routes of one-electron reduction and radical addition

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Carbon dioxide interactions with carbonaceous materials are
versatile and attractive ways for the development of advanced
carbon-based adsorbents for CO, capture. In photochemical exper-
imental studies of Chen et al. [1] the high CO, uptake by biochar
was observed. In the experiment, the pure CO, was bubbled
through the aqueous mixture of biochar after which the mixture
was treated with ultrasound and xenon light, at 60 °C and 1 atm
conditions. After irradiation, the samples were filtered, dried and
weighed. It was shown that ultrasound induces the synergistic pro-
cesses: exfoliation of carbon clusters, chemisorption of CO, on bio-
char, mineral leaching, and hydrogenation. The treated biochar
therefore had higher internal surface area, heating value and
improved reaction rates. Small decrease in oxygen content was
reflected by increase in atomic H/O and C/O ratios, which sug-
gested that the sample was additionally highly hydrogenated. Only
combined photochemical and ultrasonic treatment have been
shown to induce the carbon fixation, leading to a 12.3% and
15.8% of carbon and hydrogen gain, respectively. Chen's et al. [1]
work therefore demonstrated that carbon fixation through specific
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photochemical conditions may be a potential new route for captur-
ing CO, by carbonaceous materials such as biochar.

Today, CO, capture and storage (CCS) is considered a crucial
strategy for meeting CO, emission reduction targets and it is
included into studies covering top research areas of catalysis [2].
The various aspects of CCS are recently reviewed and discussed
by Leung et al. [3], and Aaron [4] including the state of the art tech-
nologies for CO, capture, separation, storage, etc. Nowadays
advanced technologies, such as wet scrubber, dry regenerable sor-
bents, membranes, etc. have been developed and successfully used
to separate the CO, from the flue gas [3]. The typical solid sorbents
include molecular sieves, activated carbon, zeolites, calcium oxi-
des, etc. and are used to bind the CO, on their surfaces [3]. The
recent progresses and challenges in the syntheses of carbonaceous
materials and surface functionalization for gas capture was high-
lighted by Gadipelli [5]. However, most of the used synthetic meth-
ods are not environmentally and economically sustainable. That is
why development and application of biochar-based sorbents and
functional materials has been intensively studied in recent years
[6-8]. Despite several distinctions among biochar and activated
carbon, from a structural viewpoint both species represent amor-
phous carbon with abundant porosity. However, unlike activated
carbon, biochar usually has abundant surface functional groups
(C—0, C=0, COOH, and OH) [7], which enhance its adsorption abil-
ities. Li et al. [9] has reported that adsorbents with highly polarized
surfaces are good for adsorption molecules with a high dipole
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moment and the adsorbents with high electric field gradient sur-
faces are ideal for the adsorbate molecules characterized by high
quadrupole moment. That is in agreement with experimental find-
ings [10] that the adsorption strength of a carbonaceous materials
is relatively low for H, and N; intermediate for CO, CH4 and CO;
and relatively high for H,S, NH; and H,O0.

Since carbon dioxide is a linear molecule with a large quadru-

pole moment (D,, = 4.30 x 10 *°esu cm?) [9] its reaction with a
carbon-centered nucleophile should provide C—C coupling prod-
ucts, as demonstrated by trapping of carbanions by CO, to yield
the corresponding carboxylic acids [11]. Carboxylation of carbona-
ceous surfaces could happen differently which is mirrored in
results of various theoretical studies [12-16]. The variation in the
adsorption energy, from ~3.7 eV to ~200 meV, and a broad spec-
trum of active binding sites, such as edge sites, pre-adsorbed alkali
metals, and defects were shown in combined experimental and
theoretical (B3LYP-DFT) investigations [12]. In addition to findings
[5] that polar groups would enhance CO, capacity by strengthening
adsorption and introducing additional binding sites, Wood et al.
[17] found high selectivity for CO, adsorption with unfunctional-
ized, hydrogen-passivated zigzag graphitic carbon edge. In that
particular case, the CO, binding preference was significantly higher
for the edge site than for bulk graphene. This implies that higher
edge concentrations could be beneficial for CO, capturing using
nanoporous carbon [17]. The most stable complex formed by the
chemisorption of CO, on the graphene edge sites was found to
include the lactone group on the armchair edge [13]. Further disso-
ciation of the CO, could occur through the formation of stable
epoxy groups. Xu et al. [14] investigated the possible dissociative
adsorption of COyx on graphite surface. They reported reaction
products such as oxidized graphite (epoxy groups) and a chemi-
sorbed lactone group. However, all the reactions were found to
be highly endothermic and the reaction pathways were associated
with considerable energy barriers. Finally, DFT-GGA calculations
[13] clearly indicated that CO, chemisorption can occur exothermi-
cally on the single defect of the graphite surface, after overcoming
a specific energy barrier and further reaction products, such as
epoxy groups, adsorbed on a renewed graphene sheet. All those
findings indicate that oxygen content should increase during the
adsorption of CO, on carbonaceous materials. Since Chen et al.
[1] observed notable hydrogen gain instead of oxygen gain, it is
possible that their observed products are the result of hydrogen
radical reaction with the oxygen functional groups (e.g. reductive
photocarboxylation) and/or radical addition of atomic hydrogen
to the edge-site of aromatic sheets. The addition of atomic hydro-
gen to aromatics was studied by Roduner et al. [18] who demon-
strated the full solvent enhancement effect for the reaction of H
with benzene in water (R1) and explained it in terms of equilib-
rium solubility of reactants and transition state. The reductive pho-
tocarboxylation was first reported by Tazuke and Ozawa [19,20]
and continuously studied. For instance, Chateauneuf et al. [21]
have shown that a carbon-centered free radical could be added
to CO, to produce a carbonyloxyl radical and then, in presence of
sufficient amounts of hydrogen atom donor, carboxylic acid could
be formed, (R2).

CsHe +H — [CgHg - H] (R1)

PAH + CO, = [PAH — CO,] "=’ PAH — CO,H. (R2)

The experimental conditions of photochemical treatment of
biochar/CO,/H,0 system allow to assume an existence of reactive
species, which could be responsible for carboxylation and hydro-
genation of biochar. It is known [22], that when water is irradiated
with ultrasound, the initial radical species generated are hydrated
electrons, hydrogen atoms and hydroxyl radicals. The initial molec-

ular species formed are hydrogen and hydrogen peroxide (R3).
Since, CO, has negative reduction potential (-1.98 to —1.10V
[23]), the hydrated electrons readily add to dissolved CO, to form
CO, [24], (R4). The experimental study by Rosso et al. [25] has
demonstrated, that CO; easily interacts with aromatic rings,
besides two reaction routes have been found: one-electron reduc-
tion (R5) and radical addition to the aromatic ring (R6).

~Uus

Hzoﬁe;q,H',onHLHzOz, (RB)
€0, + e;, — CO; (R4)
o— -[CO;]
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According to known schemes [26], there are two competing

reactions of OH with aromatic rings: OH radical addition to the aro-
matic ring to form an OH-aromatic adduct (R7) and H-atom
abstraction (R8):

OH + ArH — [ArH — OHJ, (R7)

OH + ArH — [Ar] + H,0. (R8)

In order to obtain some insights into the very interesting chem-
istry presented in photochemical experimental studies of Chen and
co-workers [1], we have performed a theoretical study of the ener-
getics of the possible radical reactions on the aromatic edge site of
biochar. And since biochar is known to contain many functional
groups, the chemistry demonstrated in current study represents
only a fraction of the possible products. We report on the mecha-
nisms of one electron-transfer products formation for the reactions
of H,OH and CO; radicals with functionalized (—COOH, OH, C—O0)
and unfactionalized poly aromatic system (Fig. 1).

2. Methods
2.1. Computational details

Gaussian 09 program system [27] has been used for the quan-
tum chemical calculations. The electronic structure of reactants,
adducts, transition states, and products was calculated at the
BHandHLYP/6-31G(d) level of theory under the Truhlar’s et al.
[28] continuum solvation model (SMD) which is recommended
to account for effects of solvation [29]. SMD single-point calcula-
tions were perform based on the gas-phase geometries. BHandH-
LYP functional was chosen on the base of its proven effectiveness
in description of radical systems [30-33]|. Zang et al. [34] have
shown that for electron transfer reactions the hybrid BHandHLYP
method (from a large set of DFT methods, including B3LYP) is cap-
able for predicting the structure and energetics of both the mini-
mum energy and transition structures at a comparable accuracy
with the MP2 level. Maity [30] has shown that BH and HLYP prop-
erly describes radical cation systems. Recent benchmark study of
DFT methods [35] concluded that results from calculations with
BHandHLYP show the best agreement with experimental data in
prediction of the NMR spectra of open-shell and closed-shell
molecular systems. It means that BHandHLYP functional could
describe properly both geometry, relative energies and electronic
properties of open-shell molecular systems.
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Fig. 1. The model structures of biochar, along with the Fukui indices of each atom, f,. The missed values of f, in ANTh-2 are the same as in ANTh-1. The edge sites of interest
in the graphene oxide is shown in the parentheses (structure is adapted from Ref. [40]).

Ground-state and transition-state structures have been con-
firmed by frequency analyses at the same level of theory. To con-
firm that the transition state connects designated intermediates,
intrinsic reaction coordinate calculations were performed at the
same level of theory.

The studied reaction pathways are presented in the form of
energy diagrams. The relative energies of the products (adducts,
intermediates), which are shown on the diagrams were calculated
as the energy difference between product’s energy and sum of the
total energies of non-interacting reagents. The total energy of
reagents viz. water, CO, and hydrogen atom include experimental
solvation enthalpies (Table 1). AHo for hydroxyl radical is taken
from statistical mechanics simulations [36]. The solvation enthalpy
of anthanthrene molecule (ANTh) was calculated as
AHgo = Epi? — E5% + (ZPVE™™P — ZPVE®™), where ZPVE is zero-

point vibrational energy.

2.2. Modeling of aromatic edge site of biochar

The biochar structure that has been determined by different
analytical techniques (SEM, TEM, XRD and EDX and others [7]) is
mainly amorphous in nature with some local crystalline structure
of highly conjugated aromatic sheets cross-linked in a random
manner. The main contribution to the reactivity of biochar is the
fact that the surface usually exhibits a range of hydrophilic and
hydrophobic functional groups both acidic and basic [8]. Consider-
ing the high functionality and aromaticity of major part of biochar
structures, the accepted structure of graphene oxide [40] (Fig. 1)
was chosen as the hypothetically the closest structure appropriate
to use as a model for biochar crystalline structure. We have also
considered the fact, that CO, radical has relatively strong dipole

= 0. an quadrupole = 0. X “Cesu
(Hcespir) = 0.266D)  and drupole (Dy*"™ =6.59 x 10 *°esu)

Table 1
Solvation enthalpy of reagents under consideration.
Reagent AHgq, Comments
kcal/mol
ANTh-1 —-4.67 Unfunctionalized antanthrene. Current study
ANTh-2 -16.75 Functionalized with carboxyl, hydroxyl and epoxy
functional group. Current study, BHandHLYP/6-31G(d)
H,0 -10.56 Exp. value from Cox et al. (Ref. [37])
OH -9.38 From Monte Carlo simulations [38]. No experimental
result is available
co, -34.5 Exp. hydration energy of CO, in CO, - (H,0), from
Janik [24]
H -0.98 Solvation enthalpy of hydrogen atom usually replaced

by exp. AH,o of the hydrogen molecule [39,18]

moments [41] and thus should selectively adsorbed on the edge
sites of aromatic sheets which provide strong Coulombic interac-
tions. From this point of view, the structure of basal planes could
be undefined in model structure since it does not affect much
the edge interactions. The edge site was taken from basic structure
of graphene oxide and is represented by the substituted anthan-
threne molecule, C;,Hq> (ANTh).

Two models have been used for simulation of radical interac-
tions on the edge sites of biochar (Fig. 1). Since water molecule is
present in mechanisms of studied reactions and strongly interacts
with radical reagents, therefore one water molecule was added
explicitly to the model systems. We used one unfunctionalized
ANTh-1 as the reference structure. This appears to be the simplest
but still adequate model for comprehensive analysis. The presence
of carboxyl, hydroxyl and epoxy functional groups in ANTh-2 sim-
ulates the edge side effects at the aromatic sheets of biochar. We
suggest that further extension of molecular size of model aromatic
system would not change the routes of possible reactions on the
active edge sites, although it could affect the energetics of those
reactions. The influence of the near-parallel aromatic layers was
not taken into consideration.

2.3. Selection of active sites for radical attack

We used Fukui indices [42], as local reactivity descriptors, to
estimate which atoms in ANTh molecule are more prone to
undergo a radical attack. Although the electron density based local
reactivity descriptors were proposed and successfully used dec-
ades ago [43-45], Geerlings et al. [45] demonstrated that Fukui
indices could be used and are essentially important in searching
the “similarity of reactivity” of a group of molecules or atoms that
are similar. Recently [46] Fukui indices were successfully used to
find the most probable binding sites of aromatics, which are the
positions characterized by the highest density of electrons. We
used the same technique and performed the natural bond orbital
(NBO) population analysis [47] to obtain the condensed Fukui
indices, as follows:

fa=1/2[Pa(N +1) = P4(N - 1)] (1)

where P, stands for the population of atom A in molecule ANTh of N
electrons. The NBO population analysis of the ANTh cation (N-1)
and ANTh anion (N + 1) was calculated at the same equilibrium
geometry as the neutral ANTh molecule to avoid the relaxation of
the system. Fukui indices for each atom in ANTh are summarized
in Fig. 1. The highest radical attack susceptibility is inherent to
atoms C19 and C7, therefore, the reactions initiated by radicals
most preferentially occur at these positions, producing ANTh
adducts (e.g. R1-2, R5-8). The predicted activity of centered atoms
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on the edge site of anthanthrene is in line with computational stud-
ies for naphthalene [48] and anthracene [33]. The functional groups
do not lower the radical attack susceptibility of C19 and C7, but
they influence the activity of new sites. The presence of hydroxy,
epoxy and carboxyl groups in ANTh-2 strengthens the susceptibility
for radical attack for sites C2, C4, and C16. Unlike oxygens of epoxy
and hydroxy groups, the carboxylic oxygen 035 in ANTh-2 is
expected to become an additional active site for radical attack due
to higher Fukui index (Fig. 1).

3. Results and discussion
3.1. Hydrogen radical and hydroxyl radical attacks

Before considering the details of the reactions on the C19 active
site, we tested the relative stabilities of the OH adducts with less
active C21 site. The Fukui indexes for C19 and C21 are 0.1 and
0.03, respectively (Fig. 1). The adducts [C;9-OH, Cy9-H] and
[C21-OH, C»;-H] are formed by the OH addition to ANTh-1 without
loss of H atom (R9). According to computed enthalpy change, AH
the reaction of OH radicals with ANTh-1 is exothermic and barrier-
less; obtained low activation energies: AE, (a) = —0.2 kcal/mol and
(b) 0.7 kcal/mol) are consistent with the experimental findings of
Ananthula et al. [49], in which the activation energy is negative
—1.08 kcal/mol [373-498 K] for OH radical addition to PAH. The
addition of the OH radical to C19 site is favored by only 10 kcal/mol
over the addition to C21, which indicates that same radical
additions could happen on the less active edge carbons along the
aromatic sheets of biochar. Both adducts are open-shell species
and will likely react with another radicals or loose OH, or loose H
atom bonded to the same carbon [48].

[C19-OH, Cy9-H]

[C1-OH, C;;-H]

(a) AH = -43.2 kcal/mol, Ea = -0.2 kcal/mol

Further, we discuss the one electron-transfer mechanisms for
radical addition of CO;, OH and H to C19 active site. The overall
reaction energetics are summarized in Fig. 2 and are given in
Table 2. Similar to OH barrierless addition (<1 kcal/mol), reaction
of H with C19 site occurs with a small barrier of 3.8 kcal/mol and
notable gain in energy (Table 1, a). Obtained activation energy is
in line with experimental findings by Roduner et al. [ 18], who mea-
sured the rate constants for the addition of H atoms to benzene as a
function of temperature in aqueous solution and reported average
Arrhenius activation energy, E,=19.1(6)kJ/mol (4.6 kcal/mol).
According to reaction pathways from Fig. 2, first, OH radical and
ANTh-1 form a pre-reaction complex [PRC] by means of inter-
molecular hydrogen bonding of 2.28 A between OH and C19 and
1.53 A between OH and water molecule. This is parallel with about
14 kcal/mol gain in the system energy from the desolvation of
reacting species. The transition state TS1 lies below of energy min-
imum of non-interacting reagents, hence OH radical addition hap-
pens barrierless (with negative activation energy, Table 2, b). The
one-electron transfer reaction is exoenergetic by —43.2 kcal/mol.

We have found that H-atom abstraction by free OH radical is less
favorable and is associated with notable energy barrier (Table 2,
c). This is in accordance with experimental rates obtained by Anan-
thula et al. [49], indicating that mechanism of OH radical reaction
with multiple ring PAH is dominated by OH addition with H
abstraction being a minor contributor.

When the [C;9-OH, Ci9-H] adduct is formed, there are several

possible reactions: (i) the loss of the OH, (ii) the loss of H1 atom
bonded to the same carbon as the OH group and subsequent (iii)
shift of the H1 to the adjacent carbon atom C21. Process (i) is the
reverse to the formation step. Based on the reaction barriers

(Table 2, d, e) the loss of OH is about 12 kcal/mol more favorable

than H desorption (ii) from the same carbon site. Both processes
are highly endoenergetic. As found, the 19,21 H shift (iii) to convert
the alcohol [C;9-OH, Cq9-H] to the ketone [C;9-O, C»;-H,H] has a
barrier of about 55 kcal/mol (Table 2, d). Thus, H hydrogen transfer
to adjacent site C21 seems unfavorable. However, addition of H
atom to C21 site can occur because of presence of free H atoms
in irradiated solution. Addition of H atom to carbon sites is highly
exoenergetic and has low activation energy (Table 2, f, g). As shown
in Fig. 2 formation of carbonyl group [C;9-0, C;1-H,H] is less favor-
able than formation of hydroxy group [C;9-OH, C>;-H,H], addition-
ally carbonyl group is readily hydrogenated with about
65 kcal/mol gain in system energy (Table 2, h). Based on reactions
energetics (Table 2, Fig. 2), we conclude that reaction of OH with
ANTh-1 leads mostly to formation of the [C;9-OH, C;9-H] and/or
[C21-OH, Cy;-H]. We are unable to definitely determine if the
addition of OH is reversible or not, but we found that the loss of
OH is easier than loss of H atom. Since hydrogenation is highly
favorable process, then in couple with preferable loss of OH, it
explains why the notable increase in hydrogen content rather than

(b) AH = -35.3 kcal/mol, Ea = 0.7 kcal/mol

in oxygen content was observed in the experiment with the treated
biochar [1].

3.2. Carbon dioxide anion radical attack

The overall reaction energetics are summarized in Figs. 3,4 and
are given in Table 3. Like the OH radical, the CO; and ANTh-1 form
first a pre-reaction complex [PRC] by means of intermolecular n-7t
interaction (3.55 A) between C19 and carbon atom of CO, with
notable energy gain from the desolvation. In [PRC] the extra spin
density is preserved at the carbon of CO, (0.72 electrons). Since
transition state TS1 lies below the energy minimum of non-
interacting reagents, then CO; radical addition to aromatic ring
happens barrierless (with negative activation energy, Table 3, a).
In radical adduct [C;9-CO,, Ci9-H] the highest electron density
was found at carbon C7 (0.5 electrons), while the electron density
at carbon of —COO group became 0.03 electrons. The partially neg-
ative charge in radical adduct is located on the carboxylic group
(—0.73 electrons).
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Fig. 2. The reaction profiles for the one-electron transfer reactions of H" and OH' radicals and ANTh-1 in aqueous solution. The explicit water molecule is marked as “W’
0.0 kcal/mol on the relative energy axis corresponds to the sum of energies of non-interacting reagents: ANTh-1, OH, H,O.

Table 2
Heat of reaction (AH;) and activation energy (AE,) for the reactions of H and OH

radicals with unfactionalized ANTh-1 in aqueous solution.

Radical reactions AE,, AH;,
kcal/mol kcal/mol

a ANTh-1+H' - [Cyo-H, Cyo-H]' 3.8 —65.4
b ANTh-1 + OH' - [Cy9-OH, Cyo-H] -0.2 —43.2
c ANTh-1 + OH" - [Cyo]"...H,0 111 -4.4
d [C19-OH, Cq9-H] — [C19-OH].. .H" 54.8 53.7
e [C19-OH, Cy9-H] — [C;o-H]...OH 43.0 295
f [C19-OH].. .H" — [C;9-OH, Cyo-HJ 1.1 -53.7
g [C19-OH]...H' — [Cy9-OH, C3¢-H,HJ" -24 -47.3
h [C19-0, C31-H,H].. .H" — [C19-OH, C31-HH] 9.7 -91.9
i [C19-0, C21-HH]. . .H 101.6 91.9

[C19-OH, C2;-HH] —

After the [C19-CO,, C19-H] is formed, there are several possible
reactions (Fig. 3): (i) loss of H atom, bonded to the same carbon
as CO, group, and formation of carboxylic acid; (ii) interaction with
water molecule and formation of intermediate of cyclohexadienyl
radical derivative [Ci9-H, C19-H], Reaction (R10); (iii) interaction
with water and formation of hydrohycyclohexadienyl radical
derivative [C;9-OH, Ci9-H], (R11, a); (iv)alternatively, the
CO,-adduct could be converted to the alcohol [C;9-OH, C;9-H] by
the elimination of high energized HOCO radical, (R11, b). For the
corresponded products of the (iv) reaction the sum of atomic spin
densities is greater (0.98 vs 0.02) at HOCO and the negative charge
(—0.92 vs —0.08) is distributed over the aromatic molecule, thus
indicating formation of closed-shell [C;9-OH, C;9-H] anion. Desorp-
tion of radical species as H atom (i) and HOCO (iv) is associated
with considerable energy barriers, (Table 3, b, e), which are higher

than desorption of CO, by 27 kcal/mol and 43 kcal/mol respec-
tively. Thus, proposed mechanisms do not show formation of
carbonic acid or alcohol as preferable products of CO, oxidation.
More likely, radical carboxylation occurs in more complicated
way, different from the simple addition of CO, to aromatic ring.
For instance, the reaction pathways in Fig. 3 demonstrate that free

HOCO easily interact with alcohols [C19-OH] to form CO,-adduct.

This reaction is highly exoenergetic and has low activation energy
(Table 3, f). FreeHOCO radicals could appear in aqueous solution by
CO; protonation: CO; + H* — HOCO [24].

The experimental study of Janik [24] has revealed that CO,

interacts very strongly with water, but exists as a distinct chemical
species and that water molecules stabilize the excess electron.
However, as could be seen from Fig. 3 in presence of ANTh mole-
cule CO; easily oxidizes and forms the hydrocarbonate anion with
the gain of about 10 kcal/mol in system energy (Table 3, c). It is
interesting to note, that the heat of reaction for [HCOs]~ formation
is nearly two times higher than for [HCO,]| formation, as it is
expected for the better leaving group HCO; than HCO, (Table 3,
¢, d); this is because H,COs; is weaker base (pKa=6.37) than
H,CO, (pKa = 3.75). Based on the results of these calculations, we
conclude that radical carboxylation in solution is highly favorable,
however subsequent H atom desorption and formation of car-
boxylic acid is associated with high barrier. Interaction with water
molecules is unlikely to provide the alcohol or cyclohexadienyl
radical products in high yield because of high activation barriers.
The predicted reaction pathway with HOCO radical demonstrates
the alternative route of carboxylation of biochar edge-site in which
hydroxyl groups are transformed to carboxylic ones.

[CO)] —™

N
l +
ANTh

C19
0 (R10)
+ [CO) — ‘
ol ANTh | -HCO,® I ANTR
HO. H
\C{
HOCO ,'
Cig, C‘g (b)
°*— +H,0 ANTh
ANTh HCOZ
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We have studied two reaction pathways with functionalized
ANTh-2 and have shown two alternative routes for CO, radical
oxidation: with oxygen 035 of carboxylic group and with C19 of
aromatic ring (Fig. 4). Similarly to previous mechanisms obtained
for CO; radical attack, formation of pre-reaction complexes with

appearance of CO; either near the 035 site [035...CO,] or C19 site

[C19...CO,] is highly favorable and occurs with about 30 kcal/mol
gain of energy due to the desolvation of reacting spices (Table 3, h,
i). The structures of [PRC] are shown in Fig. 4. In contrast to barri-
erless CO; radical addition to the aromatic ring (Fig. 3), one-
electron reduction (Fig. 4) occurs with a barrier of about 6-8 kcal/-
mol depending on the site of reduction (Table 3, j, k). The electron
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Table 3
Heat of reaction (AH,) and activation energy (AE,) for the reactions of CO;, radical
with ANTh-1 and ANTh-2 in aqueous solution.

Radical reactions AE,, AH,,
kcal/mol kcal/mol

@ ANTh-1+CO; — [C19-COy, Cyo-H]~ -5.8 —-32.8
b [C19-CO,, Co-H]™ — [C19-CO,] + H- 54.5 50.6
¢ [C19-COy, Cy9-H]™ + Hy0 — [Cyo-H]' + HCO3 33.2 -9.3
d  [C19-COy, Ci9-H]™ + H30 — [C19-OH] + HCOZ 76.4 5.7
e [C19-CO,, C1o-H]™ +H,0 — [C19-OH]™ + HOCO®  69.9 66.7
f  [C19-OHT+HOCO" — [C19-CO5, C1o-H]"~ +H,0 3.2 —66.7
g  [Cio-OHJ+ H" - [C49-CO,, Cy9-H]™ 3.8 —~50.6
h  ANTh-2 +CO; — [C19-CO5]~ - -29.6
i ANTh-2+CO; — [035-CO,]~ - 239
i [C19-CO2] — [ANTh-2]" +CO, 8.3 4.1
k  [035-CO5]" — [ANTh-2]" +CO, 5.7 —21

transfer from CO; radical to either carboxyl group or aromatic ring
yield the same [ANTh-2] radical anion (R12) with the same spin-
density distribution over the aromatic system. The high active rad-
ical of ANTh can subsequently attach hydrated electrons from irra-
diated solution and become the neutral product and/or according
to Chateauneuf [21] - attach CO, to produce a carboxylic acid in
excess of hydrogen atom donors (R1).

HO O35

\

C

c!, Cis (R12)

X X e €O,
‘ ANT + 160
1
o

4. Summary

In this work, the radical reactions mechanisms of edge-site of

biochar with CO;", OH, and H in irradiated aqueous solution is pre-
dicted by application of reliable computational methods and dis-
cussed in detail. The computational studies were performed
using model poly aromatic systems to explain the results of exper-
imental work of Chen et al. [1]. We have found that addition of rad-

icals CO;, OH, and H is highly favorable and occurs with notable
gain in system energy. This indicates that edge site of biochar
immediately restores under ultrasonic treatment of aqueous mix-
ture of biochar and carbon dioxide. For the OH-adduct, the prefer-
able subsequent path is the loss of the OH, and the next favorable
option is the loss of an H atom to form the alcohol and then ketone.
Since, first, the loss of OH has lower barrier than the loss of H atom,
bonded to the same site and, second, H atom easily adds to the car-
bon sites with oxygen functional groups (—OH, —COOH and
—C=0), we could conclude that addition of OH and H likely pro-
duces hydrogen-rich, rather than oxygen-rich products. Moreover,
the hydroxyl and carbonyl groups, which are presented in the
structure of biochar could be easily replaced by the addition of H
atoms. This mechanism reflects one of the possible routes of oxy-
gen loss and notable increase of hydrogen content which were
found for photochemically treated biochar. The increase of carbon
content in treated biochar is explained by different routes of radi-
cal carboxylation. In the first instance, it is barrierless radical addi-
tion of CO, to the aromatic rings. The last reaction competes with
the interaction of free CO, with water, which leads to formation of
stable [HCO3]™ anion. The desorption of CO, group through the
interaction with water molecule is unlikely to occur because of
high activation barriers of corresponded reactions. Second, the

revealed here reaction pathway with HOCO radical demonstrates

the alternative route of carboxylation of biochar edge-site in which
hydroxyl groups are transformed to carboxylic groups. Third, one-
electron reduction of the aromatic ring by CO, leads to formation
of highly active radical aromatic ring which can subsequently
attach hydrated electron, hydrogen or hydroxyl radical from irradi-
ated solution, or attach CO, to produce a carboxylic acid. The last
option reflects the alternative pathway of reductive carboxylation
in presence of sufficient amounts of hydrogen atom donor.
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