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ABSTRACT: Pyrolysis of solid fuels forms a solid carbon-rich fuel, ""VVV
also called char, whose physico-chemical description is rather v,
complex. Heterogeneous oxidation reactions take place during Particle Y,
thermochemical conversion of char. The present work proposes a
predictive detailed kinetic model, opening a new path for a deeper
understanding of the char conversion process. This model considers
porosity, surface area, density of surface sites, and their evolution
along the conversion process. The chemical aspects of char
oxidation are modeled assuming a carbonaceous bulk structure,
surrounded by a variety of surface sites which represent the chemical
functionalities typically present in such materials. The heteroge-
neous chemical reactions and their kinetic parameters are defined
based on previous studies in the literature and by analogy to
homogeneous gas-phase reactions of aromatic species. A mathematical framework is proposed to couple physical and chemical
descriptions of the oxidation process. Although the proposed model benefits from experimental information, it is able to
comprehensively describe the conversion rate of a broad range of carbonaceous materials such as carbon nanotubes, graphite, and
chars only on the basis of their elemental composition. The proposed model represents a first step in exploring the explicit and
coupled treatment given to the physical and chemical evolution of the fuel throughout its conversion, allowing us to consistently
describe the particle evolution, opening a path for reliable models to manage the chemistry of char conversion.

Terﬁp_erature

1. INTRODUCTION minor quantities of nitrogen and sulfur. Different quantities of
ashes are also present in non-negligible amounts. The carbon
content in char usually ranges between 65 and 95 wt%,
depending on the initial biomass composition and pyrolysis
operating conditions, while the hydrogen and oxygen content
progressively drops as the pyrolysis temperature rises.'"”'> The
content of H and O directly influences the rate of char
conversion during oxidation and gasification.'”'* Due to the
large amounts of volatile matter present in biomass (usually
around 60—85 wt%), the resulting biochars are significantly
porous, thus strongly influencing the intrinsic surface area.
This, combined with the high content of hydrogen and oxygen,
results in a considerably higher reactivity in combustion/
gasification conditions when compared with coal chars.'>'¢
In the past decades, several models were developed to
describe oxidation of coal and biomass chars. The simplest
empirical models consider a single nth order reaction,
assuming a constant ratio of conversion of carbon into both
CO and CO,. These approaches are rather limited in their

Biomass is increasingly being recognized as a promising carrier
for heat, energy, and chemicals production. However, intense
experimental and modeling research activities are necessary in
order to improve the efficiency of industrial pyrolysis,
combustion, and gasification reactors. Biomass combustion
occurs in three main steps: pyrolysis, volatiles oxidation, and
char oxidation.

Several models were proposed in the literature to describe
the many facets of this problem. The large majority focused on
the investigation of the pyrolysis step, proposing empirical or
semi-empirical chemical reaction mechanisms which usually
have a limited range of applications.'”> Other authors
accomplished important improvements toward multi-compo-
nent*® and mechanistic pyrolysis models.”® The available
literature still lacks a comprehensive approach to describe the
char conversion step, encompassing fuels that exhibit widely
different physical and chemical characteristics. Studies on coal
chars are broadly available, including a variety of experimental
and modeling activities, but a comprehensive model is still
missing. Beside some similarities, coal and biomass chars Received: May 19, 2021
significantly differ in structural and compositional aspects Revised: ~ July 23, 2021
which lead to different behaviors and properties in a reactive Published: September 1, 2021
environment.”"’

Biochars are amorphous carbon structures containing
residual amounts of oxygen and hydrogen, together with
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validity, as the selectivity of CO/CO, formation is very
sensitive to the reaction temperature.'” Models considering
one reaction forming CO in competition with another reaction
producing CO, overcome this issue, but the models remain
fuel- and operation condition-specific.'®

Models using Langmuir—Hinshelwood- or Elay—Rideal-
based reaction mechanisms are widely used because of their
improved physical description and capability to predict char
conversion rates over wider ranges of temperature and
pressure. Such models consider both the adsorption/
desorption process in surface reaction kinetics and the physical
evolution of the char particle, which strongly increases their
comprehensiveness.

The most advanced char conversion models available
consider a limited degree of complexity in chemical
kinetics.'”~>> A more complex chemical description was
formulated by Haynes and co-workers,”**® defining the
concepts of turnover models for char oxidation, and explaining
how surface reactions expose unreactive carbon to the gaseous
environment. In this case the reactivity of different structures is
described by means of a continuous distribution of activation
energies. More recently, Tilghman and Mitchell’® employed
these concepts to develop an empirical semi-detailed model for
gasification and combustion environments.

In the present work we use the state-of-the-art findings,
briefly reiterated above, as the starting point for the proposed
model. In order to focus on the reaction mechanism,
experiments in kinetically controlled conditions, i.e., where
both extra- and intra-particle diffusion characteristic times are
shorter than the chemical kinetics, are preferentially used for
validation of the model. Simple diffusion correlations were
employed to describe the mass exchange with the environ-
ment. The novelty of the present work lies in the development
of a comprehensive physico-chemical description of the
particles” evolution. Literature models describing the particles’
physical evolution are paired with a new detailed discrete
reaction mechanism. The resulting coupling is able to
consistently reproduce the complex evolution of the particles’
chemical and physical properties during oxidation. The
advantages of such a detailed approach are the capability to
predictively describe the oxidation of a broad range of
carbonaceous materials, requiring only the elemental compo-
sition and porosity of the initial fuel. No further information is
required, even though the model takes advantage of specific
measurements such as intrinsic surface area, density of surface
sites, and skeletal density, when available.

2. PARTICLE MODELING

The present model considers a single particle of volume V}, in a
constant control volume V. The system exchanges both heat
and mass with a constant gaseous environment (ge), but
thermal equilibrium is assumed at each time step between
system and environment. Mass exchange is defined through a
Fick diffusion flux (J) and a Darcy convective flux (Dg). The
char particle is assumed spherical, and it is described similarly
to heterogeneous catalysts.”” The particle size is evaluated
through a parameter y with respect to the total volume, while
the solid volume is determined through the void fraction e.
The total particle surface A, is defined in terms of total particle
volume through the volumetric specific surface S. A more in-
depth description of the system, the evaluation of the mass
fluxes, and the required parameters are reported in section S-I

of the Supporting Information. A schematic representation of
the system is reported in Figure la.

Gas phase

Solid surface

~

Gas environment a)||Solid bulk b)

Figure 1. (a) Schematic description of the control volume V, with a
particle of volume V,, = yV, porosity €, and volumetric specific surface
area S. Mass exchange with the gas environment is represented
through diffusive (J) and convective Darcy (Dy) fluxes. (b) Gas—solid
interactions of the solid bulk region through the solid surface region
described by the surface pseudo-species H(S), CO(S), C,0,(S),
A(S), and U(S).

The solid particle is composed of a bulk region and a surface
region. The solid surface is a monolayer described similarly to
the active-site theory.”” Several surface species are introduced
to properly describe the conversion process. With respect to
other models,”**** no free surface-site species is introduced.
While the surface region interacts with the gas phase, the bulk
region remains encapsulated by the surface. As the surface
phase is consumed by the process, the bulk region is gradually
exposed, becoming reactive to the gas phase. A schematic
representation of these regions is illustrated in Figure 1b.

2.1. Chemical Characterization. The char particle is
composed of a substantial number of different chemical
functionalities. In the present work, in order to reasonably
describe the chemical moieties, a lumping approach is
adopted®”®' to introduce only a few solid-phase pseudo-
species and their corresponding pseudo-reactions. Due to the
char complex’s 3D structure, the same functionalities may be
both exposed to or hidden from the gas phase. For this reason,
similar functionalities are introduced for both the surface and
the bulk region. Table 1 summarizes the considered initial
functionalities.

The initial surface layer is described by five pseudo-species.
All surface hydrogen moieties are represented by a single
surface pseudo-species H(S). Surface organic oxygen moieties
are described by introducing the C,0,(S) and CO(S) pseudo-
species, where the former represents labile oxygen function-
alities (e.g, lactone and carboxylic functionalities) and the
latter represents strongly bonded oxygen atoms (e.g, ether and
ketonic functionalities). The A(S) and U(S) surface pseudo-
species respectively describe active and non-reactive inorganic
matter. Inorganic matter is represented by a pseudo-element
ASH with molecular weight 62, representative of the average
molecular weight of inorganic matter.”

As mentioned above, the same five surface functionalities are
also introduced to describe the bulk region, and they are
respectively labeled H(B), C,0,(B), CO(B), A(B), and U(B).
An additional bulk pseudo-species labeled IB(B) is introduced
to describe ashes that cannot be exposed to the reactive
environment due to physical phenomena. Three bulk species
are introduced to describe the carbonaceous structure: young
carbon CY(B), mature carbon C,(B), and graphitic carbon
Cg(B). These species aim to represent the increase in
aromaticity and cluster size of the carbonaceous structure at
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Table 1. Initial Species Introduced to Describe the Surface
and Bulk Regions, the Functionality Described, Their
Elemental Composition, the Number of Surface Sites
Occupied by Each Surface Species N¥, and Their Molecular
Weight MW

species elements
functionality surface bulk C H O ASH N MW
hydrogen H(S) H(B) 0 1 0 0 1 1
carbonyl CO(S) CO(B) 1 0 1 0 1 28
carboxyl C,0,(8) C,0,(B) 2 0 2 0 2 56
young carbon  — C,(B) 1 0 0 0 1 12
mature - C,.(B) 1 0 o0 0 1 12
carbon
graphitic - C,(B) 1 0 0 0 1 12
carbon
active ashes A(S) A(B) 0 0 0 1 1 62
unreactive u(s) U(B) 0o 0 o0 1 1 62
ashes
non- - IB(B) 0o 0 o0 1 0 62
exposable
ashes

increasingly severe pyrolysis conditions. The definition of these
carbonaceous species is similar to that proposed by Maffei,*
and it is in line with experimental observations by Keiluweit et
al.>* No initial pure carbonaceous surface species are
introduced as the oxidation of the aromatic layer starts from
functionalities on the edges (i.e., H(S), C,0,(S), CO(S),
A(S), and U(S)). Nevertheless, bulk carbon is exposed during
the oxidation process, forming the surface species C,(S),
C.n(8), and C,(S).

2.2. Quantitative Characterization of Initial Species.
To describe the initial particle, a constrained minimization
procedure is performed. The minimization aims to recover the
surface and bulk species’ distribution. Each species i in region P
is characterized by a molar and mass fraction, respectively
labeled x5 and y}. For surface species, a distinction is made
between the site and species molar fractions, respectively
labeled x,; and «x,,. The distribution depends on the relative
amounts of bulk and surface regions, which are quantitatively
estimated through the mass-specific surface S,, the density of
surface sites I, and the skeletal (i.e, true) density py.

The characterization procedure requires as input values
(“inp”) the particle dry mass elemental composition @™ and
the particle initial porosity €, The mass specific surface Sy
and the density of surface sites I"™ are evaluated with the
following empirical correlations:

g = L1 /o))

RON W

i H o inpdal
=11+ al—(—) (bre o™y dr)
C wt

)

P =% /e 4 % (3)
Further information on the correlation development and their
parameters is discussed in depth in paragraphs S-ILLIL, S-ILLII,
and S-ILLIII of the Supporting Information. A sensitivity
analysis to the correlations is also reported in section S-IV of
the Supporting Information.

The skeletal density does not affect the characterization but
impacts the oxidation. The described correlations are not

employed if information on '™, S, or py is available. Only
chars that have developed their oxygen-accessible pore
network are considered, and a threshold value S;“P > 100 m?
g' is chosen, as discussed in paragraph S-ILLII of the
Supporting Information.

The objective function f is constructed and minimized as

B 2
S — Smp r— r‘i“P 2
min |f= (1- be((B))Z + ws[u] + wr{i]

ot lS, sé"f’ e
st. P = PP e = C,H,0,ASH

s.t. xlij(B) = xsifsi)(l - be((B) - xlI,B@)) i # Ct,IB

s.t. ﬁ = L

wf 1-0

st 0f gy = max(0, @ysu(1 — MWyguI'S, /1 — winwygy )

My

s.t. > 0.5

my

(4)
where @P is the mass fraction with respect to the total char
particle, e refers to the element, i and [ refer to the species, my,
is the mass of the bulk region, m,, is the total particle mass,
MW; is the molecular weight of species i, @ is the active fraction
of inorganic matter, y is the Random Pore Model (RPM)*>*
structural parameter, and w is the weight of the minimization
function. The values without the script “inp” are the values
employed in the oxidation model. An in-depth description of
the minimization procedure is reported in section S-II of the
Supporting Information. The particle is assumed chemically
homogeneous. For this reason, the relative amounts of all
species present both in bulk and in the surface region are equal
in the two regions. The minimization function does not
distinguish among the different carbonaceous species nor
between the oxygenated species. For this reason, eq 4 exhibits
Ct(B), which is the sum of the three carbonaceous species, and
Ot(B), which is the sum of the oxygenated species. The
relative amounts of the carbonaceous and oxygenated species
are post-processed through a parameter § € [0; 1],

inp
[
f = 051211 + tanh| 1491 ——— - — 13.05
— Wy (%)

This parameter aims to evaluate the aromaticity, age, and size
of aromatic clusters present in the char particle through the
particle elemental composition.”” >’

All inorganic-bound elements are considered in wj&y. The
amounts of ashes that can be exposed correspond to the
amounts the final particle is able to accommodate in the
surface region. In turn, the particle mass fraction of IB(B),
@fs), is evaluated as the mass of ashes that cannot be
accommodated. As discussed in sections 3.4 and 3.5,
considering a constant surface site density and employing the
RPM, the final surface region mass can be evaluated a priori.
The surface evolution requires evaluation of the structural
parameter . This parameter is evaluated from the initial
particle porosity™” as
I

In(1 — €p) (6)
where { is the deviation of the y parameter for the considered
pore size distribution with respect to a uniform distribution. A

]l/:
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value { = S is employed to describe all char particles. The
considered value represents a log-normal pore size distribution
with similar amounts of pores of both mean size and one-tenth
of the mean size. As evaluated through a sensitivity analysis
(section S-IV of the Supporting Information), ¢ has a mild
influence on the oxidation behavior.

The ashes that can be exposed are lumped into active (A)
and unreactive (U) species. Their relative amounts are
evaluated through the active fraction of inorganic matter 6,
which is in turn estimated with information on the inorganic
composition. All inorganic complexes are classified in three
families: ha, complexes which exhibit the highest reactivity
(e.g, K and Na); ma, complexes which exhibit moderate
reactivities (e.g, Ca and Fe); la, all inorganic elements that
exhibit low reactivity. Considering studies of Pflieger et al,*" it
is assumed the ma family has one-fourth the reactivity of the ha
family. If no information on the specific particle is available, the
ashes composition of the virgin biomass is employed. In this
case, however, the ma family is assumed to have a higher
catalytic activity to represent its lower volatilization ten-
dency.*” To summarize, 6 is evaluated

0= AsH s if char composition
w,” + 025w,

ASH ASH A
Wy, + Wy1g + oy,

SH

0= if virgin biomass composition
ASH 4 () s ) ASH
W, + 05w,
ASH ASH ASH
Wpq + Wing + @y,
7)
where " is the mass fraction of family i in the total ashes.

For instance, @S is the total mass fraction of K and Na oxides

in the total inorganic matter.

3. GOVERNING EQUATIONS

Modeling the reacting particle requires a set of equations for
each phase/region. Table 2 summarizes the differential
equations used in the present model in terms of phase, type,
state variables, number, and the specific section in which they
are discussed. The solution of the system of N, + N + N, + 3
differential equations is employed to model the evolution of
the particle. The energy balance equation is not considered as
thermal equilibrium is assumed at each time-step.

Table 2. Differential Equations Introduced for Each Phase/
Region, Their Numbers, and the Paragraphs in Which They
Are Discussed

no.
phase equation variable  eqs®  section
. . i
gas species conservation - mass Ve N, 32
fractions
total mass conservation gy 1
solid bulk  species conservation - mass mP N, 33
solid species conservation - molar site Xy N, 3.4,3.5
surface fractions
surface evolution A 1
active site density conservation r 1

“The total number of differential equations is N, + N}, + N + 3.

An initial particle volume of 1 mm?® is considered for all char

samples. During the oxidation process, the particle volume is
assumed constant assuming the inorganic structure allows to
retain the particle structure. The variation in solid volume is
evaluated through the total particle mass, as it accounts for
both the mass of bulk and surface regions, and it is used to
evaluate the void fraction. The skeletal density py is also
assumed constant throughout the oxidation process. Before
addressing the particle evolution and the coupling of the
physical and chemical description (section 3.5), it is required
to discuss the formulation of the reaction mechanism. A brief
account on the numerical methodology is given in section 3.6.

3.1. Introduction to the Heterogeneous Reaction
Mechanism. The solid-phase mechanism is coupled with a
detailed homogeneous gas-phase mechanism,”~*" in order to
account for both solid-phase reactions and secondary gas-phase
reactivity. The solid-phase mechanism is composed of 205
non-reversible reactions employing a CHEMKIN-like**
formulation, and it is attached as Supporting Information in
the file “kinetic.surface”. Table 3 reports the reaction classes

Table 3. Reaction Classes Introduced in the Present Solid-
Phase Mechanism for Gas (G), Surface (X(S)), and Bulk
Species (W(B))

formulation reactants

X,(8) + G=X,(S)

reaction class

surface adsorption gas and surface species

surface X,(8)=X,(S) surface species
isomerization

surface W(B) + X,(S) + G, — gas, surface, and bulk
decomposition X,(S) + G, species

volumetric W,(B)—>W,(B) bulk species

isomerization

introduced in the solid-phase mechanism. Decomposition
reactions describe the desorption steps, and are the only
reactions that may involve both bulk and surface species.
Decomposition reactions that convert a bulk species in the
corresponding surface species are referred to as bulk exposure
reactions. In addition to bulk exposure reactions, bulk species
also undergo volumetric isomerization reactions.

The rate of a surface reaction  in Table 3 is expressed as

NR . ;
]
s n kmol
r: =k C i
e U " m?s |
i=1
; [ kmol |
C.=uxC?
i,g g ~tot ] m3
; [ kmol |
C.=x
1,8 S,Sp | m2
ex
Ci,b =4q [-1] (8)

where k; is the modified Arrhenius kinetic constant of reaction
Js N]R the number of reactants involved in reaction j, C;p the
concentration of species i in phase P, x, the gas molar fraction
of species i, C§,, the total gas concentration, and a;* the activity
of the bulk species i in the mixture of bulk species that can be
exposed (ie., bulk species with a surface counterpart).
Reaction orders 7;; of surface and gas species i involved in
surface reaction j coincide with the stoichiometric coeflicients.
On the other hand, bulk species involved in surface reactions
are of first order in their activities. For each reaction j, J; is

https://doi.org/10.1021/acs.energyfuels.1c01559
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defined as the variation of the number of surface sites due to
reaction j. The presence of bulk species in surface reactions
describes the regeneration and consumption of surface sites
across the reaction. The bulk region is assumed to behave
ideally, and the mixture activities coincide with the mixture
bulk molar fractions.” Conceptual issues in the definition of
activities arise as complete consumption of exposable bulk
phase occurs (m{*/mg™ < 1077). In these conditions, bulk
activities are assumed null for all bulk species to represent site
regeneration cannot take place. Volumetric isomerisations are
employed to describe graphitization (section 4.2) and ash
deactivation (section 4.3). The reaction rate rj of volumetric
reaction j is evaluated as

NR - :
]
Y n kmol
r. = k-I I CY
j j i,b 3
i=1 Lms ]
i psk kmol
Ci,b = X 3
MW, [ m’ |
s o1 —¢ [kmol]
o=,
/ s | m®s | (9)

where MW, is the molecular weight of species i. The order of
reactions 7;; coincides with the stoichiometric coefficients v;;.
Volumetric reactions r} are translated to a surface description
r;* through the porosity and volumetric specific surface area to
simplify the mathematical notation in the following equations.

3.2. Mass Balance of the Gas Phase. An equation for the
mass fraction y, of each gas-phase species i and one for the

total mass of gas m, are introduced:

g
d i
De _
dt
i i i i i i
g + 1l = Higy + RV + RS_’gAPMWi g dmy
mg m, m, dt
(10)

dmg N
. .
a = E g + 1y,

NS
. i
— gy + D R A MW
i=1 i=1

(11)

where ritlg is the mass flow rate of species i due to diffusive
fluxes (J), and 7}, and 7., are the convective inlet and outlet
mass flow rates of species i due to Darcy fluxes (Dy). Further
information on the evaluation of mass flow rates is reported in
section S-I in the Supporting Information. R; is the formation
rate of species i which is composed of two contributions: the
volumetric formation rate R}, due to homogeneous gas-phase
reactions, and the surface formation rate R, due to solid-
phase reactions.

3.3. Mass Balance of the Solid Bulk. An equation for the
mass mj, of each bulk species i is introduced:

dm;,

dt (12)

where volumetric bulk reactions are included in the formation
rate R}, through eq 9.

3.4. Material Balance at the Solid Surface. At the solid
surface one equation for the site fraction x{ of each surface
species i, one equation for the total particle surface A, and one
equation for the density of surface sites I" are introduced:

= Rig, MW,

14898

“hrice |
dxsi,si _ NisiRsi,sp xsi’si dAp xsi’si dr

dt I AP dt ' dt (13)

- & B 1A

_PZ_VPSOM_L]ZQ;*_ZQL_I;

de 25, =25 i=1 my,  (14)

N,
ar S T,
7
dt Pt AP dt (15)

where R is the rate of formation of species i, ' is the mass
rate of formation of species i, and N/is the total number of
solid-phase reactions r;. The total surface evolution is
described through the RPM™ with respect to the initial
volumetric specific surface area S, and the total particle volume
V- The evolution of the normalized volumetric specific surface
S, is due to the structural parameter y and the variation of the
particle mass conversion y.

3.5. Consistency of Physical and Chemical Descrip-
tion. To the authors’ knowledge, there is no model in
literature describing the evolution of the density of surface
sites. Therefore, the value estimated in the characterization
(section 2.2) is assumed constant throughout the conversion
process.”’ However, introducing independent assumptions on

dar da, N; s .

S and Z}.=15jr}. makes eq 15 overly constrained. Other
26,28,2 PR . . . .

works”®***? address this issue introducing a free-site species.

The fraction of sites occupied by this species is obtained not
from eq 13 but from the closure of the site fractions, Zfil Xy
= 1. In the present work, we propose to address this issue
implicitly in reaction mechanism dynamics which must be
coupled to d(I'A,). This feature is achieved through surface
decomposition reactions which are expressed by N, “bulk

exposure reactions” as

2W(B) + X(S) —» 2W(S) + X V W(B) #IB(B) (16)

(17)

These reactions represent the same chemical phenomenon, but
reaction 16 is composed of Ny—1 reaction-regenerating
surface sites and results in a net increase of the number of
surface sites (§ = 1). On the other hand, reaction 17 consumes
surface sites, resulting in a net reduction in the number of
surface sites (6 = —1). Although the stoichiometric coefficient
of bulk species in reaction 16 is 2, exposure reactions kinetics
remain first order in the activity of the bulk species involved
(section 3.1). The kinetic constants slightly differ according to
the bulk species involved as described in section 4.1.

Overall, the solid-phase reaction mechanism can be divided
in three sets of reactions:

X(S) - X

e 7" reactions not involving bulk species exposure as
adsorption and isomerization (r46—r63, r145—r156, and
r202—r205);

"%: bulk exposure reactions regenerating surface sites
(r11—r18, r20—127, r29—136, r38—r45, 165—172, 174—
181, r83—190, r92—199, r101—r108, r110—r117, r119—
r126, r128—rl13S, r137—rl144, r158—r165, r167—r174,
r176—r183, r185—r192, and r194—r201);

r*°: bulk exposure reactions consuming surface sites
(r10, r19, 128, r37, 64, 173, 182, 191, r100, r109, r118,
r127, r136, r157, r166, r175, r184, and r193).

https://doi.org/10.1021/acs.energyfuels.1c01559
Energy Fuels 2021, 35, 14894—14912


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01559/suppl_file/ef1c01559_si_002.pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

Characterization procedure

o = mm = =

A\ f

wp,mp, wASH,

S!;np, Finp, £

0
Vp! Y, yg' €0) Psk»

Characterization
(section 2.2)

S

0 0
xs,spnxb'
0 10
59,10

-~ eem w7

T(t), Fye (0)

Input

/
|
|
|
|
|
\

] Ve

/ Multi-Value
Solver

Formation rates

geu TE Em S EE O S S B O O . oy

v ~
Yg Mg, My | ODE
x5, 4, T | solution

!

Vs, &, P, ], Dy,

7’

|
|
|
|

CHEMKIN-like
Kinetic Model
(section 4)

\
N\

N e e e e e e e e e e e -

evaluation

ex
Xs,spr Xg, @

Governing
Equations
(section 3)

e e o e o o o o o o =

/
-

Figure 2. Schematic representation of the sub-models and variables employed in the developed software

Each set k is composed of several reactions j with reaction
rates rf’k expressed as eq 8. In order to couple the kinetic
mechanism with the surface moles evolution, "¢ and r*° are
modulated through a consistency parameter o such that

rne rre 1,0
N N;

NS S S
as,tot __ s,ne _ s,re s,co
R = 3067 + (1= ) X 677 + a 3 ]
j=1 j=1 j=1

(18)

where R*™' is the total molar site formation rate, the
superscripts ne, re, and co refer to the set to which each
reaction belongs, and N is the number of reactions in set k. @
acts as degree of freedom of eq 15 and is evaluated imposing
the constraint on I'. For simplicity, the surface site formation
rate due to set k (R¥) and the total particle mass formation rate
due to set k (QF) are introduced:

k = ne, re, co
j=1 (19)
N Ny
Qf = Z MWRiS’k + Z MVViRl.b’k k =ne, re, co

i=1 i=1
(20)

where R is the formation rate of species i in phase P due to
reactions of set k. Combining eq 15 with egs 18, 19, and 20
and introducing the constraint on I', the following algebraic
equation is obtained:

__ pne re co r dAP
0=R+ (1 - a)R+aR" — ———
A, dt

dAP dAP AP
S o 4 (1 - )0 + 2@

where the dependence of conversion on the reaction
dA
mechanism is made explicit, and d_P is the surface evolution
iy
with respect to conversion predicted by the RPM (eq 14).
Equation 21 can be analytically rearranged to evaluate a:
RI 4 RE 4 q(0F + 07)
a =
R RS T g - Q)
r d4,
m}? dy

q —
(22)

where g is introduced to simplify the mathematical notation. It
is defined @ € [0, 1] since negative irreversible reaction rates
do not have physical meaning. Therefore, if eq 22 yields a value
outside the interval, « is constrained to the closest interval
bound (i.e., 0 if @ < 0 or 1 if @ > 1). This occurs if R™, R, and
R;° differ by several orders of magnitude. These differences are
due to the formulation of the reaction mechanism, and the
present formulation is not able to ensure a constant surface site

density. Nevertheless, eq 15 allows I' to vary without any

inconsistency (i.e., Zf\ilxsi’si # 1).
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The present formulation fails as the bulk mass to be exposed,
mg', approaches complete consumption. In these conditions
bulk activities, and in turn 7, are null, and eq 22 leads to a
nonphysical increase in particle mass. In these conditions, it is
chosen to extend the present formulation constraining & to the
last value computed before complete exposable bulk
consumption occurs. To avoid eq 15 being overly constrained,
the constraint on surface evolution is removed, and it is simply
evaluated to satisfy the constraint on I'. It is chosen to modify
eq 14 rather than eq 15, as the assumption on the surface site
density is still appropriate. While the underlying structure is
still mainly aromatic, the onset of additional physical
phenomena may change the surface evolution mechanism
(e.g, fragmentation). To summarize, surface evolution is
evaluated as follows:

mex d_A dA
if elio >/1—>—dP =—dp
my, t t RPM
ex dA A N,
if bo </1—>—P=—PZ(5jr;
e dt I <
j=1 (23)
A
where —* refers to the surface evolution predicted by

d RPMPM

the Random Pore Model (eq 14). The threshold value A — 0 is
also employed in defining the exposable mixture activities
(section 3.1).

3.6. Numerical Methodology. The numerical method-
ology employed in the present work is composed of two
distinct tools: char characterization and char time-evolution.
Figure 2 schematically represents the methodology involved.
Char characterization is performed through an in-house
MATLAB code. The minimization is performed employing
the commercial “sqp” fmincon algorithm, while the “trust-
region-dogleg” fsolve algorithm is employed to obtain the
starting minimization value (section S-II in the Supporting
Information).

To compute the particle time-evolution, a C++ in-house
software was developed based on OpenSMOKE++.>" The
software employs the quantitative species distribution obtained
through the characterization procedure, particle structural
information, and the CHEMKIN-like kinetic mechanism. The
time integration is performed with the OpenSMOKE++
MultiValueSolver employing the Gear method until 99.99%
of the initial mass is consumed. The solution of the ODE
system is coupled with the imposed temperature (T(t)) and
gas environment pressure (Pg(t)) to compute all additional
variables.

4. SOLID-PHASE KINETIC MODEL

To the authors’ knowledge, few theoretical studies on
oxidation reactions of aromatic clusters are available in
literature,”* ™’ but, to properly quantify the lattice strain in
solid-phase oxidation, large aromatic clusters must be
considered as model compounds. However, the definition of
model molecules proves conceptually challenging due to the
intrinsic statistical description of the char structure. To develop
a reaction mechanism consistent with the statistical structure,
several authors introduced the distributions of activation
energy method.”*"**%*%! These studies are taken as reference
to define the present reaction mechanism and its kinetic
parameters. However, the statistical nature of the phenomenon

is addressed through bulk exposure reactions. Several kinetic
constants are obtained from the experimental study of
Tilghman and Mitchell.?® However, as additional reactions
are introduced, several kinetic constants were determined
considering the experimental behaviors of different chars since
no suitable theoretical study was found. Nevertheless,
theoretical evaluation of reaction pathways and kinetic
parameters is expected to improve model predictions. The
complete reaction mechanism is attached as Supporting
Information in the file “kinetic.surface”, and comprises of 17
pseudo-species and 205 reactions. The sensitivity analyses to
the kinetic constants under different conditions of interest are
reported in section S-IV of the Supporting Information.

4.1. Decomposition of Initial Surface Species. The
species H(S) undergoes a lumped abstraction initiated by
molecular oxygen to form gaseous water. This reaction aims to
represent hydrogen removal by external agents exposing an
underlying bulk species. As described in paragraph 3.5, each
exposure reaction is written as Ny, — 1 reactions regenerating
surface sites (i.e., one for each bulk species to be exposed) and
a single reaction consuming surface site. Each bulk species
represents a different structure with different complex stability;
therefore, the kinetic parameters of each reaction are slightly
different. The difference in reactivity is assumed due to
different activation energies, similarly to the distribution
presented by Haynes and co-workers,””** and Table 4 reports

Table 4. Hydrogen Removal by Gas-Phase O, Exposing
Different Bulk Species and the Corresponding Modified
Arrhenius Kinetic Parameters (Units cal, mol, cm, s)

reaction A n E.
rl1  H(S) + 0, = 0.5H,0 + 0.750, 5x10° 0 27500
2 2C,(B) + H(S) + O, = 0.5H,0 + 5x10° 0 27000
0.750, + 2C,(S)
3  2C,(B) + H(S) + O, = 0.5H,0 + 5x10° 0 28500
0.750, + 2C,(S)
4 2C,(B) + H(S) + O, — 0.5H,0 + 5x10° 0 30000

0.750, + 2C,(S)
rS  2H(B) + H(S) + 0, —» 0.5H,0 + 0.750, 5x 10 0 25000

+ 2H(S)

6  2CO(B) + H(S) + O, = 0.5H,0 + 5$x10° 0 25000
0.750, + 2CO(S)

17 C,0,(B) + H(S) + O, - 0.5H,0 + 5$x10° 0 25000

0.750, + C,0,(S)

8 2A(B) + H(S) + O, —» 0.5H,0 + 0.750, §x 10" 0 30000
+ 2A(S)

9 2U(B) + H(S) + O, » 0.5H,0 +0.750, §x 10 0 30000
+2U(S)

the kinetic parameters. These differences are developed
considering the mass loss profiles of several carbonaceous
materials, and all exposure reactions follow the same approach.
Hydrogen removal exposing hydrogen or oxygen is assumed to
exhibit the highest reactivity since heteroatoms represent non-
aromaticity and defects and therefore affect lattice rigidity.
With respect to heteroatoms, exposure of young carbon C,(B)
exhibits a 2 kcal mol™" higher activation energy, and graphitic
carbon Cg(B) has a 3 kcal mol™" higher activation energy with
respect to C,(B). Exposure of mature carbon C,(B) is
assumed as the geometric average of young and graphitic
carbon exposure, while removal of hydrogen to expose active
and unreactive ashes is assumed equal to C,(B) exposure. Site
consumption is assumed as the geometric average of the
highest and lowest kinetic constant as it is reasonable to expect
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it to be of similar orders of magnitude as other reactions
(section 3.5).

C,0,(S) decomposition follows two pathways: release of
CO, with formation of surface carbon (r10—r18), or release of
CO with formation of CO(S) (r19—r27). The first one
describes the release of weakly bonded groups (e.g.,
decarboxylation reactions), while the second one refers to
structural rearrangement forming more stable groups (e.g.,
decarbonylation reactions). The kinetic parameters of the first
pathways are derived from Tilghman and Mitchell’s reaction
mechanism,”® where the distribution of activation energies
formulation is integrated®® and fitted to an Arrhenius form in
the temperature range T = 500—1500 K. The parameters of the
second pathway are calibrated so that the global CO-to-CO,
selectivity is in accordance with the literature*®**~* (section
4.4).

The decomposition of CO(S) also follows two pathways
releasing either CO (r28—136) or CO, (137-r4S). The
decarbonylation kinetic constant is defined by analogy to gas-
phase phenoxy radical decomposition.”® It is assumed that
phenoxy and ketonic/ether functionalities exhibit similar
reactivities as the aromatic moiety induces a resonance
stabilization. However, as the aromatic cluster also hinders
intramolecular rearrangements due to its rigidity, a penalty to
the activation energy of 10 kcal mol™" is considered. Table 5

Table S. Decomposition of CO(S) and C,0,(S) Exposing
Cg(B) and the Corresponding Modified Arrhenius Kinetic
Parameters (Units cal, mol, cm, s)

reaction A n E.
rl3 2%(13) +C,0,(8) = 2C,(S) + CO, + 2% 10° 0 34000
o(S)
22 2%(13) + C,0,5(8) = 2C,(S) + CO+ 4 x10° 0 44000
o(s)
131 2C,(B) + CO(S) = 2C,(S) + CO 1x10% 0 63000
140 2C,(B) + CO(S) + O, = 2C,(S) + 4x 10" 1 53000

co, + 050,

reports the kinetic parameters of the CO(S) and C,0,(S)
decomposition exposing graphitic carbon. The kinetic
parameters for other reactions belonging to the same class
are reported in the Supporting Information and are obtained
analogously to those for hydrogen removal (Table 4).

4.2. Carbon Reactions. Decomposition of the initial
surface species exposes bulk carbon to the gaseous phase as a
surface carbon representing both ¢ and 7 radicals. Three
carbon species having different reactivities are introduced to
represent the influence of the carbonaceous structure on the
radical reactivity (e.g., resonance phenomena, lattice strain,
cluster size). Three reaction pathways are introduced for each
surface carbon. Although few modifications are introduced,
these reactions are defined similarly to Tilghman and
Mitchell’s work,*® considering lumped adsorption of oxygen
and isomerization in a single dual-site adsorption step, forming
oxygenated complexes. Since interactions of different carbons
are accounted for, each pathway is represented by N¢g)!
reactions, where Nc() is the number of surface carbon
introduced (ie, 3). A key feature of this model is the
approximation of these complexes to behave equally to the
oxygen characterization species, allowing to represent them
with the same lumped pseudo-species C,0,(S) and CO(S),

instead of increasing the overall number of species.

14901

As described by Tilghman and Mitchell,”® the first
adsorption pathway represents associative oxygen adsorption
to form the species C,0,(S) (r46—r51), while the second
pathway represents dissociative oxygen adsorption and forms
two CO(S) species (r52—r57). As the CO(S) species has a
significantly higher reactivity comgared to the species
proposed by Tilghman and Mitchell,® CO desorption is not
lumped in the present reaction. The third reaction represents
the single step high temperature CO release proposed by
Tilghman and Mitchell*® (r58—r63). Table 6 reports the

Table 6. Dual-Site Graphitic and Young Carbon Oxidation
Reactions and the Corresponding Modified Arrhenius
Kinetic Parameters (Units cal, mol, cm, s)

reaction A n E,
r46 2C,(S) + O, = C,0,(5) 5 x 10" 0 29000
48 2C,(S) + 0, = C,04(9) 5 x 10" 0 23000
52 2C,(S) + O, = 2CO(S) 1 x 10* 0 40000
54 2C,(S) + O, = 2CO(S) 1 x 10% 0 34000
58 2C,(S) + O, = CO(S) + CO 6 x 10% 0 50000
60 2C,(S) + O, — CO(S) + CO 6 x 102 0 44000

kinetic parameters of the three pathways for graphitic and
young carbon oxidations. For the first two pathways of
adsorption on graphitic carbon Cg(S) we adopt similar
parameters as in Tilghman and Mitchell,”® whereas the third
pathway becomes dominant at ~1300 K. For young carbon,
the higher reactivity is due to a lower activation energy, while
preserving the same selectivity to the three pathways. As with
decomposition to expose bulk mature carbon, the kinetic
constant of surface mature carbon oxidation is assumed as the
geometric average of C,(S) and C,(S) oxidation constants.
Similarly, the kinetic parameters of interactions between
different carbons are taken as the geometric average of the
non-interacting reactions. For instance, the activation energy of
low-temperature adsorption on neighboring Cg(S) and CY(S)
is 26000 kcal mol™}, i.e., average of r46 and r48.

The described pathways introduce a single lumped reaction
to represent oxygen dual site adsorption, where the lumped
elementary steps consist of single site adsorptions followed by
internal addition on a neighboring surface carbon C(S).
However, oxygen single site adsorption may be followed also
by internal addition on neighboring hydrogen or internal H-
abstraction. These internal additions and H-abstractions are
represented introducing a single lumped pathway of dual site
adsorption on any neighboring C(S) and H(S) (r64—r90).
This reaction forms gaseous water exposing any underlying
bulk species, while the surface carbon is oxidized to form the
complex C,0,(S). No reaction to form CO(S) is introduced as
internal additions and H-abstractions are low temperature
pathways, but interactions of all surface carbons with H(S) are
considered. The kinetic parameters are defined with respect to
low temperature dual site oxygen adsorption. Both a lower
activation energy and frequency factor are introduced as
carbon oxidation is expected to have higher sensitivity to
temperature. As with dual-site carbon oxidation, the reactivity
of the different carbons is represented by different activation
energies. The different reactions to expose different bulk
species are defined similarly to hydrogen removal reactions
reported in Table 4, while Table 7 reports the kinetic
parameters of the reaction of CY(S) and Cg(S) exposing
Cy(B). Complex-enhanced dual-site oxygen adsorption on
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Table 7. Interactions of C,(S) and C,(S) with H(S) and
CO(S) and Their Modlﬁed Arrhemus Kinetic Parameters
(Units cal, mol, cm, s)

reaction A n E,

167 2C,(B) + C,(S) + H(S) + O, —
2C o(S) + OSCZOZ(S) + 0.5H,0 +
0250,
85 2C,(B) + C,(S) + H(S) + O, =
2€ (5) + 0.5C,0,(S) + 0.5H,0 +
0250,
194 2C,(B) + CO(S) + Cy(S) + O, =
2C,(8) + CO(8) + €O + 050,
rl12  2C (B) +CO(S) + C,(S) + O, —
2 «(S) + CO(S) + CO + 0.50,
r121  2C (B) + CO(S) + C(S) + 0, >
2C,(5) + CO(s) + €0,
1139 2C (B) +CO(S) + C (s) +0, >
2C,(S) + CO(S) + CO,

act

8 x 10 0 25000

8x 10 0 22000

5$x10Y 0 31000
5% 10 0 28000
3x10¥ 0 27000

3x10° 0 24000

CO(S) and any surface carbon C(S) is also considered
similarly to Tilghman and Mitchell's work.”® Two reaction
pathways to release either CO (r91-r117) or CO, (r118—
r144), both regenerating CO(S), are considered. Compared to
Tilghman and Mitchell’s work, the latter has a slightly different
stoichiometry allowing to expose all bulk species. The reactions
between CO(S) and C (S) have the same reactivity as in
Tilghman and Mltchell26 at 800 K. Interactions with the other
surface carbons are defined similarly to carbon—hydrogen
interaction. Table 7 reports the kinetic parameters of
adsorption on C,(S) and Cy(S), exposing graphitic bulk
carbon.

To describe the annealing process, carbon graphitization
reactions for both bulk and surface carbon are also considered
(r145—r150). The kinetic garameters of these reactions are
adopted from Maffei’s work™® and are applied for both surface
and bulk carbons.

4.3. Presence of Ashes. The presence of ashes
simultaneously enhances and inhibits particle conversion.’®
Several studies®***’7® show that different inorganic
complexes affect char conversion in different ways. In general,
transition, alkaline earth, and alkali metals undertake redox
reactions transferring the oxidizing or gasifying agent from gas
to solid phase. The reduced alkali metals also interact with the
aromatic layers aiding decomposition reactions.”’ On the other
hand, inhibition effects arise as mineral matter occupies part of
the particle volume and surface. This “dilution” effect is
described through eq 8 (section 3.1) as surface fraction and
bulk activities decrease due to the presence of ashes.

To account for the catalytic effects, several low-temperature
reactions between all surface species and active ashes A(S) are
considered. The species A(S) accounts for both the reduced
and oxidized state, and all the introduced reactions lump
adsorption and surface reactions in a single step. Two ash
carbon oxidation pathways (r151—r156) account for formation
of C,0,(S) and CO(S). Interactions with all surface carbons
are considered with the same selectivity as low temperature
carbon dual site adsorptions (r46—rS1, r$2—rS7). Ashes
interact with other species enhancing oxidation and decom-
position of H(S) (r157-r165), CO(S) (r166—r183), and
C,0,(S) (r184—r201). Both surface oxides decompose to CO
and CO,, but the selectivity toward CO is enhanced to account
for the effect of alkali metals. The catalytic effect decreases
progressively due to ash sintering and catalyst poisoning
phenomena. These phenomena are accounted for with a single

bimolecular high temperature reaction, forming unreactive
ashes U(S) from active ashes A(S). Deactivation of A(S) with
U(S) is also introduced.”” Most deactivation phenomena can
occur also in bulk phase, and therefore volumetric bimolecular
bulk phase deactivation reactions are considered. Ash
devolatilization is not considered in the present model. Table
8 reports the kinetic parameters of ashes reactions exposing

Table 8. Ashes Reactions and Their Modified Arrhenius
Kinetic Parameters (Units cal, mol, cm, s)

reaction A n E..

r1S1 A(S) + C,(S) + O, — 1x10% 0 15000
A(S) + OSC2 ,(S) + 0.50,

1154 A(S) + C,(S) + O, — 2x10®° 0 26000
A(S) + €O(S) + 0.50,

r160  2C,(B) + A(S) + H(S) + 0, = 1x107 0 14000
2€ (S) + A(S) + 0.5H,0 + 0.750,

rl69 2C (B) + A(S) + CO(S) — 3x10% 0 30000
2C (S) + A(S) + CO

r178  2C (B) + A(S) + CO(S) + O, — 4x10% 1 20000
2C (S) + A(S) + CO, + 0.50,

r187 2C (B) + A(S) + C,0,(8) = 2x 10" 0 20000
2€ (S) + A(S) + CO, + C(S)

r196 2C (B) + A(S) + C,0,(S) — 7 X 10 0 30000
2€ (S) + A(S) + CO + CO(S)

202 2A(S) - 2U(S) 5x10®° 0 55000

203 A(S) + U(S) — 2U(S) 5$x10®° 0 55000

204 2A(B) — 2U(B) 7 X 10° 0 55000

205 A(B) + U(B) — 2U(B) 7 % 10° 0 55000

graphitic carbons. Interactions with different surface carbons
are defined in analogy to Table 7, while reactions exposing
different bulk species are defined in analogy to Table 4.

4.4. Oxidation Products. The only oxidation products of
the present model are H,O, CO, and CO,. While pollutant
formation is outside the scope of the present study, to the
authors’ knowledge no systematic study on water formation is
present in literature. On the other hand, the ratio CO to CO,
was extensively studied in literature.” **”'~7¢ The exper-
imentally measured ratios however differ by orders of
magnitude according to each study. One of the reason may
be secondary gas-phase oxidation of CO, which becomes
dominant at temperatures higher than 1000 K for residence
times in the order of minutes. However, modeling the exact gas
residence time requires detailed modeling of transport
phenomena, which is outside the scope of the present work.
The present model therefore proposes a temperature depend-

R
ence of —<©

similar to the one proposed by Tilghman and

CO,
Mitchell,*® within the confidence bounds reported by Camp-
bell.”**" The predicted temperature dependence is shown in
Figure 3a in comparlson with the models proposed by
Tllghman and Mitchell,”® Tognotti et al,”* and Arthur et

The present model predicts an apparent exponent for the
partlal g)ressure of oxygen at 800 K in agreement with other
studies”””*”"* as shown in Figure 3b. However, compared to
the correlations, the model predicts different apparent
exponent varying reaction temperatures. Particularly, the
sensitivity of the CO to CO, ratio to oxygen increases at
high temperatures due to single-site CO(S) decomposition
being the dominant pathways (section S-IV of the Supporting
Information).
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Table 9. Model Validation Range in Terms of Particle Mass Percentages @®, Initial Specific Surface Signp [m? g™'], Heating

Rates HR [K min~'], Isothermal Oxidation Temperature T,

boundary [ op o Ry
lower 70 0 0 0
upper 100 4 23 43

1s0

[K], and Pressure P [atm]

S HR jri % P
2 2 673 3.5 x 107
630 60 1173 5% 107! 1

5. MODEL VALIDATION

The present model is validated in comparison with
93! ¥144L6%77=57 different carbonaceous materials under differ-
ent operating conditions. Very diverse oxidation behaviors are
observed for different carbonaceous materials as observed in
Figure 4. While the biochar sample exhibits an onset
temperature at ~550 K and reaches complete conversion at
~700 K, the hydrothermal cellulose char and carbon
nanotubes have their oxidation at temperatures ~200 K
higher. Lastly, natural graphite reactivity onset occurs at ~1000
K, reaching complete conversion at ~1200 K.

14903

The model aims at reproducing the oxidation behavior of
these different materials with a predictive approach, ie.,
without any ad hoc tuning procedure. As reported in Table 9,
the model was validated over a wide range of conditions. The
considered chars are from different sources such as slow, flash,
and ultra-flash pyrolysis processes. Similarly, different temper-
ature and oxidizing environments were considered. However,
the model would benefit from further investigations under
elevated pressures. Only a selected set of validation targets is
presented in the following section. The remaining validation
comparisons are reported in Figure S4 in the Supporting
Information.
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Figure 5. Mass loss in TGA-TPO of several natural graphite particles of different radius r (Jiang et al.””) and carbon nanotubes (Kim et al.”®).
Comparison between experimental results (marks) and model predictions (lines).

In order to achieve an enhanced degree of predictiveness,
the model requires extensive data on both the chemical and
physical structure. However, literature data are never complete,
and therefore the missing particle data is inferred modeling the
pyrolysis of the virgin biomass. Incomplete sets of data
significantly affect the comparison between experimental
observations and model predictions. Similarly, uncertainties
in experimental measurements both of the particle structure
and particle time-evolution do not allow straightforward
comparisons. Nevertheless, the model captures the different
reactivity of different particles in different operating conditions.
While deviations between experiment and calculations are
observed, the trends are described with reasonable accuracy
over wide ranges of validation targets.

As described in section 2.2, the required input parameters
are the dry particle elemental composition @P™, the ashes
composition @™, the specific surface area S;“P , the surface site
density I',,, the porosity €, and the skeletal density py.
Among the required information, porosity, ashes composition,
and skeletal density exhibit milder effects on the present
model. As literature data are seldom complete, the missing
information of biochars is obtained modeling the pyrolysis of
the virgin biomass. In the present work, the kinetic model
proposed by Debiagi et al.° was employed to evaluate the dry
and ash-free elemental composition. If the elemental or
biochemical composition of the virgin biomass are not
available, data on the average composition of the same family
of biomasses is employed (the Phyllis database®® may be used
for this purpose). If not reported, the porosity of the biochar
particle is evaluated adopting the anisotropic model proposed
by Gentile et al.*” If the initial porosity of the biomass is not
available, data from the literature on similar biomasses are
employed. The active and unreactive ashes are evaluated from
both the total amounts of ashes of the particle and the
composition of ashes. If the total ashes mass is not known, it is
estimated from the initial biomass composition assuming no
devolatilization occurs. The amounts of active ashes are
evaluated from information either on the char particle, if
available, or from average values on similar raw biomasses as
described in section 2.2. If no information on skeletal density,
surface site density, or specific surface of the char particle is
reported, the correlations described in section 2.2 are

employed. The correlations for the site and skeletal density
were employed for all samples, as no study reported the
corresponding information. Table S3 in the Supporting
Information reports the complete set of input parameters for
the simulations.

5.1. Carbon Oxidation. Oxidation of carbonaceous
materials allows to focus on the facets of carbon oxidation
reactions. For this purpose, natural graphite and carbon
nanotubes (CNT) are considered. Natural graphite was
extensively studied, and information on porosity and skeletal
density are also available.”’~"* Figure 5 shows the oxidation at
10 K min~" of several natural graphite particles of different
radii,’” which are assumed to be composed of only bulk carbon
and surface hydrogen. The different oxidation behaviors are
due to the different ratio of edge and basal sites according to
Jiang et al”” The present model recognizes the different
reactivity due to the different experimental specific surface
area, which indirectly relates to the ratio of basal to edge sites.
The results allow to understand the influence of the specific
surface area. Indeed, considering the 2 and 40 pm particles, an
increase in §g of 5 times corresponds to a difference in
temperature offset of ~100 K. The importance of the specific
surface area is observed also considering experimental
measurements on carbon nanotubes’®”® shown in Figure 5,
too. As for natural graphite, the specific surface is assumed to
be occupied only by surface hydrogen. However, this
hypothesis is not entirely appropriate, as the experimentally
measured specific surface corresponds to both edge hydrogen
and aromatic walls. Nevertheless, while aromatic carbon is
assumed to react only as edge sites, Yao et al”? suggest that, for
carbon nanotubes, oxidation of the bulk aromatic phase is
concurrent to oxidation on the edges. The model correctly
reproduces the different mass loss profiles of CNT compared
to natural graphite. These differences are due to the higher
specific surface, higher porosity, and higher heating rate (20 K
min~'). Even though the higher heating rate and porosity
would shift the mass loss profile at higher temperatures, the 60
times higher specific surface yields a ~150 K decrease in
reaction temperature compared to the most reactive graphite
particles.

5.2. Influence of the Operating Conditions. Effects of
operating conditions such as heating rate and oxygen
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concentration are captured by the model. Pflieger et al.*' carbonized cellulose (HTC) char at 800 K under varying
report measurements on isothermal oxidation of hydrothermal oxygen concentration. The sample hydrogen and oxygen
14905 https://doi.org/10.1021/acs.energyfuels.1c01559
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Table 10. Main Parameters of the Characterization Output for Beech Wood Chars:'® Surface Site Fractions (%55 [%]), Bulk
Mass Fraction of Species without an Initial Surface Counterpart (y, [%]), Surface Site Density (I' X 10° [mol cm™2]), Initial
Mass-Specific Surface (S, [m? g7']), and structural parameter (y)

xs,si I
sample H(S) CO(S) C,0,(S) A(S) u(s) C(B) IB(B) r S W
550 °C 72.6 0.7 25.5 0.7 0.5 62.2 0.0 5.77 140 1.84
600 °C 71.2 29 23.6 1.4 0.9 72.8 0.0 4.37 283 1.53
800 °C 722 4.0 20.1 22 1.5 73.3 0.0 4.15 284 1.47
1000 °C 56.8 8.3 322 1.6 1.1 83.1 0.0 293 446 141
1200 °C 59.7 15.2 20.5 2.7 1.9 84.0 0.0 2.51 399 1.34
1400 °C 56.8 25.6 10.6 4.1 29 83.1 23 2.058 284 1.26
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Figure 9. Mass loss in TGA-TPO for chars obtained at different pyrolysis temperatures from (a) HTC (Lotz et al.”®) and (b) raw and H,O leached
corn stalk (Xu and Sheng®*). Comparison between experimental results (marks) and model predictions (lines).

content are obtained from a linear interpolation between two
analogous samples'“*> employing the specific surface as the
linearization variable. The initial porosity of the HTC sample is
taken from Sheng et al.”> The comparison between model
predictions and experimental measurements is shown in Figure
6. The model describes the effect of oxygen concentrations due
to carbon oxidation reactions and decomposition of CO(S).
Since the experiments are performed at low temperatures,
CO(S) decomposition with oxygen dominates over the
pyrolytic pathway therefore concurring in increasing the
model sensitivity to oxygen concentration. As observed from
Figure 3 and discussed in section S-IV of the Supporting
Information, at higher temperatures the model predicts a
higher sensitivity to oxygen concentration as the high
temperature rate determining step is dual-site carbon
adsorption.

Figure 7 shows the model sensitivity to the heating rate
compared to experimental measurements on HTC® and beech
wood®” char. HTC represents chars originated from severe
biomass pyrolysis treatment, while the beech wood char
represents chars resulted from mild pyrolysis conditions. The
initial porosity of the chars were obtained from other
studies.””® For the beech wood char, the specific surface is
estimated using the developed correlation (section 2.2), and
the ash composition from studies on virgin beech wood.” For
the high temperature pyrolysis chars, the model correctly
describes the differences in reaction temperatures. On the
other hand, for the low temperature chars the model exhibits a
higher sensitivity to the heating rate compared to the
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experiments. This higher sensitivity is partly due to the lower
activation energies of young carbon. Moreover, the dominant
reaction pathways at low temperatures are complex-enhanced
adsorptions and ashes interactions, characterized by lower
activation energies.

5.3. Influence of the Pyrolysis Process. Figure 8 shows
the comparison of oxidation of biochars obtained from beech
wood pyrolysis at different temperatures.'” As the authors
reported only the sample elemental composition, the specific
surface was obtained from the developed correlation (section
2.2), while the initial porosity and ashes composition were
obtained from other studies on beech wood.*””® The pyrolysis
process affects the reactivity also in terms of characterization,
and Table 10 reports the characterization output of the
biochars shown in Figure 8. Consistently with the increase of
carbon content from 75 to 90 wt%, the characterization
predicts an increase in carbon bulk fraction as pyrolysis
temperature increases. Similarly, the predicted decrease in
surface hydrogen is consistent with the higher decrease in
hydrogen content (from 3.6 to 0.9 wt%) with respect to the
decrease in oxygen content (from 21 to 9 wt%). The increase
in CO(S) site fraction is related also to the higher amounts of
graphitic carbon. Indeed, while the 550 °C sample is composed
of only young carbon, the 1200 °C sample is composed mainly
of mature carbon, and the 1400 °C is composed of an equal
mixture of mature and bulk carbon. The variation in ashes site
fraction is consistent with the non-monotonic increase in ash
content experimentally observed. On the other hand, the
relative amounts of A(S) and U(S) are the same for all the
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Figure 10. Mass loss in TGA-TPO for chars obtained from the same pyrolysis treatment applied to different biomasses (Windeatt et al.*).
Comparison between experimental results (marks) and model predictions (lines).

samples since the same information on the virgin biomass was
employed. The bulk fraction of IB(B) is not null only for the
1400 °C sample as the final number of surface sites (I'S,) is
able to accommodate, and therefore expose, all ashes. While
the surface site density and structural parameter decrease
monotonically, the specific surface has a maximum correspond-
ing to the 1000 °C sample. The characterization leads to
similar outputs for the 600 and 800 °C samples since their
elemental analysis is extremely similar.

The model is able to reasonably reproduce the different
chars conversion rates, although it underestimates the
conversion rate of the char sample produced at 1000 °C.
The predicted lower reactivity is due to the lower amounts of
ashes with respect to both the 800 and 1200 °C samples. On
the other hand, the model predicts a maximum reactivity for
the 800 °C sample in line with experimental measurements.
Contrary to experimental results, the 550 °C sample is
predicted to have a lower reactivity than the 600 °C sample.
The higher experimental reactivity may be attributed to
volumetric devolatilization steps, which are predominant in not
fully pyrolyzed chars with low surface areas as the 550 °C
sample. Indeed, although Guizani et al."”’ do not report
information on the chars volatile matter, the oxidation
behavior of the 550 °C sample exhibits a non-neglible
devolatilization step. Indeed, as the 550 °C sample isothermal
pyrolysis has 4 s of residence time, it is reasonable to assume
that non-negligible amounts of volatile matter are present in
the particle. Coupling biomass pyrolysis and char oxidation
models is expected to explain the higher experimental reactivity
of the 550 °C sample. The present model partly accounts for
devolatilization through the low temperature pyrolytic
decomposition of C,0,(S), but the low specific surface of
the sample results in these reactions not accounting for
devolatilization phenomena. Considering volumetric bulk
devolatilization reactions is expected to explain the reactivity
also of biochars with specific surface below the considered
threshold (section 2.2).

Figure 9a shows the comparison of oxidation of chars
obtained from HTC pyrolysis,'* where the virgin HTC
porosity is obtained from the same study previously
considered.” The model is less sensitive to the final pyrolysis
temperature compared to experimental data due to the high

hydrogen content of the 800 °C sample. The importance of the
hydrogen to carbon ratio emerges comparing HTC 800 and
HTC $ (the latter is shown in Figure 7). The two samples are
subjected to the same operating conditions and are extremely
similar except for the hydrogen to carbon weight ratio (9.5 X
1073 vs 5.2 X 107%) and mass specific surface (401 vs 551 m?
g™") and experimentally exhibit the same reactivity. The higher
hydrogen content however corresponds to a higher site density
(1.86 X 107° vs 1.18 X 107 mol cm™>). As the increase in site
density is higher than the decrease in surface area, the net
result is a predicted higher reactivity of the HTC 800 sample.

Figure 9b shows the comparison of oxidation of biochars
obtained from pyrolysis of raw and water leached corn stalk.”
The authors report only information on virgin and water
leached biomasses, therefore char elemental composition and
particle porosity were obtained from the biomass pyrolysis
model."" While the initial porosity was obtained from other
studies,”” the active and unreactive ashes were evaluated from
the data reported by the authors on raw and water leached
samples, assuming no ash devolatilization occurred. The
specific surface area was obtained from the developed
correlation (section 2.2). The present comparison allows to
validate the coupling of the pyrolysis and oxidation models.
The model captures the effect of water leaching and of the
different pyrolysis treatments. Moreover, the model reproduces
the raw corn stalk chars exhibiting closely resembling
reactivities. Although it predicts a higher reactivity for all
water leached samples, the main issue is the low reactivity
predicted for the char produced at 500 °C. The cause is the
low specific surface of 95 m? g_l, which is below the 100 m?
g~! threshold value discussed in section 2.2.

5.4. Influence of the Biomass Feedstock Type. The
reactivity of char particles depends also on the type of biomass
feedstock. Figure 10 shows the comparison of chars obtained
from different biomasses under the same pyrolysis conditions.
While Windeatt et al.** reported the elemental composition
and the specific surface, data on ashes”" and porosity”” !
were obtained from other sources. The model underestimates
of ~50 °C the reactivity of rice husk char and coconut shell.
On the contrary, the model overestimates palm shell char
oxidation of ~30 °C. The lower reactivity of rice husk is due to
the high amount of unreactive ashes (0P = 43%, 0 = 0.03)
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Blasi et al.** and (b) experiments of Branca and Di Blasi.®” Comparison between experimental results (marks) and model predictions (lines).

which results in a strong dilution effect. On the other hand, the
model predicts palm shell as being more reactive than coconut
shell due to the significantly lower carbon content and higher
amounts of active ashes of the latter. Furthermore, the
elemental compositions reported in ref 80 do not satisfy the
mass balances, probably representative of significant uncer-
tainties in the experimental characterization.

Figure 11a shows the same comparison as Figure 10 applied
to another set of biomasses.”> The specific surface was
evaluated through the developed correlations (section 2.2).
The authors report data on several elements of the ashes
composition and were therefore employed in evaluating the
reactive ashes. Olive husk porosity was estimated from data on
skeletal density,'’” and the same skeletal density was employed
to estimate the porosity of grape residues. The porosity of pine
wood and wheat straw was obtained from other studies.'**"'**
The model is able to describe the difference in reactivity of the
chars, although predicting a generally lower reactivity of ~50
°C for all samples except wheat straw. This is partly due to the
active ashes being evaluated without considering the presence
of iron as it was not measured. The lower reactivity of olive,
grape, and pine also relates to their higher carbon content.

Figure 11b shows the oxidation of several wood chars
obtained from the same biomass pyrolysis treatment.”” As for
the previous case, the specific surface was obtained from the
developed correlations, while the particle porosity was
obtained from other studies.””'** The porosity of chestnut
was evaluated assuming the same skeletal density of beech
wood, and the same approach was employed to estimate
redwood porosity using pine skeletal density. Ashes compo-
sition of the virgin biomass was estimated from other studies
on similar biomasses.”> The present model overestimates the
reactivity of the chestnut and fir sample. This is due to the
significantly higher amounts of active ashes which enhance
considerably char reactivity.

6. CONCLUSION

In this work, a predictive particle-based model coupling
physical and chemical descriptions was developed to describe
the heterogeneous oxidation of biochar. The biochar particle,
described considering both the physical and chemical
structures, is fully characterized through its elemental
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composition and porosity. Additional information such as
specific surface and surface site density may also be introduced
to further increase the model’s reliability. The particle’s
evolution is described in terms of both physical and chemical
phenomena. Consolidated pore models are employed to
describe the physical evolution of the particle, while a detailed
heterogeneous surface kinetic model was developed to account
for the chemical reactivity.

The kinetic model here proposed, which is largely based on
previous studies on both char and aromatic clusters oxidation,
was extensively validated by means of comparisons with a large
amount of experimental data, including conversion rates and
product yields. This validation targeted the oxidation of both
the same biochar at different operating conditions and different
biochars at similar operating conditions. The influences of
virgin biomass and type of pyrolysis process on char reactivity
have also been successfully explored. Considering the involved
uncertainties and the wide range of validation, the model
proves able to capture the trends during biochar oxidation,
without any case-specific parameter tuning, although signifi-
cant amounts of information are needed. Additional exper-
imental studies, especially about gas product distribution, are
required to further develop the model and to improve its
reliability.

However, the current formulation of the model, besides
seamlessly integrating physical and chemical phenomena, still
lacks the capability to reproduce the oxidation behavior of non-
homogeneous particles in non-kinetically controlled condi-
tions. Coupling of additional phenomena such as intra-particle
diffusion, film diffusion, and particle swelling is necessary to
further extend the model capabilities and robustness. Similarly,
future works will address other important aspects, such as
temperature inhomogeneity, heat generation, and heat
exchange. Overall, this work constitutes a significant step
forward in char pyrolysis and oxidation modeling, and, owing
to its general formulation, it may also be applied to describe a
broader range of carbonaceous materials, such as graphite,
carbon nanotubes, and coal chars.

https://doi.org/10.1021/acs.energyfuels.1c01559
Energy Fuels 2021, 35, 14894—14912


https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01559?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01559?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01559?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01559?fig=fig11&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

B ASSOCIATED CONTENT

® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01559.

Description of particle geometry and mass exchange; in-
depth description of the char characterization; correla-
tions to predict skeletal density, mass specific surface
and surface site density; complete validation set of the
model; sensitivity analysis (PDF)

kinetic.surface: CHEMKIN-like solid-phase reaction
mechanism (ZIP)

B AUTHOR INFORMATION

Corresponding Author
Tiziano Faravelli — Department of Chemistry, Materials and
Chemical Engineering, Politecnico di Milano, 20133 Milano,
Italy; © orcid.org/0000-0001-8382-7342;
Email: tiziano.faravelli@polimi.it

Authors

Andrea Locaspi — Department of Chemistry, Materials and
Chemical Engineering, Politecnico di Milano, 20133 Milano,
Italy; ©® orcid.org/0000-0002-4063-8047

Paulo Debiagi — Department of Mechanical Engineering,
Simulation of Reactive Thermo-Fluid Systems, Technical
University of Darmstadt, 64287 Darmstadt, Germany

Matteo Pelucchi — Department of Chemistry, Materials and
Chemical Engineering, Politecnico di Milano, 20133 Milano,
Italy; ©® orcid.org/0000-0003-3106-0236

Christian Hasse — Department of Mechanical Engineering,
Simulation of Reactive Thermo-Fluid Systems, Technical
University of Darmstadt, 64287 Darmstadt, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.1c01559

Author Contributions
SA.L. and P.D. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

P.D. and C.H. acknowledge the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation), Project number
215035359 - CRC 129.

B NOMENCLATURE

Latin Symbols
i = Mass flux [kg s™']
A = Area [m?]
a® = Activity of the exposable mixture [-]
C = Concentration [kmol, m, s]
Dy = Convective Darcy flux [m s™']
J = Diffusive flux kg [m™> s7']
K = Particle permeability [m?*]
k = Kinetic constant [mol, cm, s]
k,, = Material transport coefficient [m s™']
m = Mass [kg]
MW = Molecular weight [g mol™']
N = Number [-]
n = Number of moles [mol]
P = Pressure [Pa]
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R = Molar formation rate [kmol, m, s]

r = Reaction

S = Volumetric specific surface area [m*m™2]
Sg = Mass specific surface area [m’kg™]

T = Temperature [K]

V = Volume [m?]

w = Weight of the minimization [-]

x = Species molar fraction [-]

y = Species mass fraction [-]

C(B) = Any bulk carbon

C(S) = Any surface carbon

Ct(B) = Total bulk carbon

Ct(S) = Total surface carbon

G = A generic gas species

Ot(B) = Total bulk oxygenated species
Ot(S) = Total surface oxygenated species
W(B) = A generic bulk species that can be exposed
X(S) =A generic surface species

Greek Letters

a = Consistency parameter (-]

f = Relative amounts of carbonaceous species [-]

x = Particle mass conversion [-]

& = Surface site variation [-]

€ = Void fraction [-]

n = Reaction order [-]

" = Surface site density [kmol m™2]

y = Particle to system volume ratio [-]

u = Dynamic viscosity [Pa s]

v = Stoichiometric coefficient [-]

Q = Mass formation rate [kg m™*s™"]

@ = Particle mass fraction [-]

w = RPM structural parameter [-]

p = Density [kg m™]

o6y/x = Sensitivity coefficient of variable Y to parameter K [-]
0 = Active fraction of inorganic matter [-]

{ = Deviation of y from uniform pore size distribution [-]

Scripts

0 = Initial

co = Bulk exposure reactions consuming surface sites
diff = Diftusive

e = Element e

ext = External

g = Gas

ge = Gas phase in the environment

ha = High reactivity inorganic complexes

i = Species i

in = Inlet

inp = Value used as input for the minimization

j = Reaction j

I = Species |

la = Low reactivity inorganic complexes

ma = Medium reactivity inorganic complexes

n = Normalized

ne = Reactions not involving bulk species exposure
out = Outlet

P = Phase

p = Particle

R = Reactants

r = Reaction

re = Bulk exposure reactions regenerating surface sites
S = Solid

sk = Skeletal
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sv = Surface description of volumetric phenomenon
tot = Total
v = Volumetric
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