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The development of a novel nanoscale model that can accurately describe the reactivity of solids consisting of multiple
components and having ordered and random pores is presented. Domains of multiple solid phases are distributed on a
computational grid to simulate reactants with different specific reactivities and dispersions. Sub-nanometer slit pores
and larger cylindrical pores with given size distributions are also distributed on the grid in regular and random
arrangements respectively. The generated solids are then eroded using rules that simulate a gas-solid, non-catalytic
reaction occurring in the kinetic control regime. A parametric study is first carried out to demonstrate how key pore
structural parameters affect the reactivity patterns. Model predictions are found to be in excellent agreement with ex-
perimental thermogravimetric data for the combustion of biochars, both when the slit and random cylindrical pores are
fully accessible to the reactant and when diffusional limitations appear in the smaller slit pores. VC 2013 American Insti-

tute of Chemical Engineers AIChE J, 59: 3412-3420, 2013
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Introduction

In a series of landmark papers, Neal Amundson with sev-
eral of his students laid the foundation for understanding the
mechanisms that govern the combustion of porous carbona-
ceous materials. The earlier models considered the problem
of diffusion and reaction in the boundary layer surrounding a
single carbon particle, using reaction rate expressions that
lumped the kinetics and intraparticle diffusional resistance
onto the particle’s external surface.1–8 Although these
lumped models provided for the first time an accurate
description of the combustion process for some operating
conditions, they did not consider the dynamic interplay
between intraparticle diffusion and reaction. As the carbon is
consumed, the pore structure changes affecting the relative
magnitudes of transport and reaction rates.

Several investigators tackled this problem by focusing on
the development of random pore models that could describe
how the temporal evolution of the internal pore structure
affects the transient combustion rates.9–14 In general, these
models described the internal pore structure of a char parti-
cle as a network of randomly overlapping objects (pores or
grains) with different geometries. Two competing processes
modulate the temporal evolution of such pore structures as
reaction proceeds: pore growth and coalescence of neighbor-
ing pores as the walls separating them are consumed by the
reaction. Pore enlargement is prominent at low conversions

and may result in increases of the surface area and the
observed reaction rate. As pores continue to grow, however,
they coalesce with adjacent enlarging pores, causing the pore
surface area and combustion rate to decrease. Thus, the reac-
tion rate vs. conversion curves may exhibit maxima or may
decrease monotonically with conversion when pore coales-
cence dominates from the early stages of reaction. The pre-
dicted evolution patterns of internal pore surface area can
then be compared to experimental gasification data to vali-
date the models.11,12,15–18

The importance of this dynamic interplay between intrapar-
ticle mass transport and reaction for combustion at high temper-
atures was demonstrated in the seminal papers of Sotirchos and
Amundson.19–23 These studies quantified the significant effects
of intraparticle mass transport, different patterns of internal sur-
face area evolution, and intraparticle thermal gradients on the
pseudosteady-state and transient combustion rates. To estimate
the intraparticle diffusional resistance, Sotirchos and Amundson
introduced model simplifications that neglected diffusion in
micropores and only considered diffusional resistances in the
macropores. Macropore diffusional resistance was lumped into
a parameter representing the average macropore size. Their
pseudosteady-state analysis revealed an ambient temperature
range where multiple solution loci existed for the particle
internal temperature. They also concluded that the inclusion of
intraparticle thermal gradients significantly affected the solution
structure by expanding the multiplicity region and shifting it to
lower ambient temperatures.

To account for the diffusional resistance in micropores,
Sotirchos and Burganos24 further refined the model by incor-
porating the random pore model of Gavalas25 into their
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analysis. The diffusion model of Feng and Stewart26 was
then used to lump the diffusional resistance in macro- and
micropores into a single effective diffusional coefficient.
This model effectively demonstrated that the increasing dif-
fusional resistance shrank the multiplicity region and shifted
it toward higher ambient temperatures, thus making it more
difficult for ignitions to occur.

This class of random pore models27,28 did not explicitly
account for the presence of an extensive network of large
spherical cavities observed in chars derived from pyrolyzing
plastic coals.29,30 Cai and Zygourakis addressed this issue by
developing a multiscale model that visualized the pore struc-
ture as an interconnected network of randomly dispersed large
cavities separated by walls consisting of microporous grains
containing carbon and ash.31 Their analysis concluded that the
porosity and surface area associated with large cavities would
drastically affect the reactivity and ignition behavior of char
particles in the regime of pore diffusional limitations. This
effect diminishes when combustion takes place in the regimes
of kinetic or external mass-transfer control.

However, the random pore models described in these stud-
ies could not always provide an accurate description of the
temporal evolution of pore surface areas and, consequently, of
the combustion rates of solid reactants. To overcome this limi-
tation, Sandmann and Zygourakis32,33 developed a new class
of discrete models that could simulate the combustion of sol-
ids with arbitrary spatial and size distributions of pores.
Results from simulations with the discrete models agreed very
well with the theoretical predictions of continuous random
pore (or grain) models.9,14,25,27,28 More importantly, however,
the discrete models allowed for easy simulation of the reac-
tion of solids with pore structures characterized by completely
or partially ordered pores. In the latter case, the solids had
two pore subpopulations: one with pores that are randomly
distributed in space and a second one with pores that followed
a regular spatial arrangement. We must note here that partially
ordered pore structures have been experimentally discovered
in heat-treated carbonaceous materials34–36 and are consistent
with mechanisms involving the appearance of a liquid crystal-
line phase (carbonaceous mesophase) during the pyrolysis
stage.37 According to these mechanisms, liquid crystalline
regions are formed due to a partial ordering of planar fused-
ring macromolecules produced by the aromatic condensation
reactions occurring during pyrolysis.

Simulations with partially ordered pore structures gener-
ated reactivity patterns that exhibited maxima at low conver-
sions and/or inflection points, features that were observed
experimentally but could not be simulated with random pore
(or grain) models.33 Discrete simulations with completely or-
dered pore structures also produced complex surface area
evolution patterns exhibiting inflection points, sharp maxima,
and large constant area regions or initial steep decreases in
surface area.32

A new approach for probing the pore structure of solid
reactants

These earlier studies built a theoretical framework that
can facilitate the characterization of the complex pore struc-
ture of biochars, an important class of carbonaceous materi-
als that can be used for carbon sequestration and soil
amendment. Biochars have complex pore structures consist-
ing of multiple interconnected networks of micropores, mes-
opores, and macropores that span multiple length scales:

from subnanometer micropores to macropores with sizes of
the order of 10 microns. Such pore structures cannot be char-
acterized by a single analytical technique. Instead, a combi-
nation of time-consuming analytical techniques must be used
to bridge the vastly different length scales: adsorption of
multiple gases (such as nitrogen, carbon dioxide, and water)
for the micropores, mercury porosimetry for the mesopores,
and sectioning with optical microscopy and three-dimen-
sional (3-D) reconstruction techniques for the macropores.

The studies discussed in the previous section show how
experimental reactivity data can be used to probe and char-
acterize the multiscale pore structures of solid reactants. At
low temperatures, combustion proceeds in the regime of ki-
netic control and the entire surface area attributed to micro-
pores (or even the submicropores) is completely accessible
to the reactant. As the temperature rises, the reaction regimes
shifts to diffusion control and strong diffusional resistances
start appearing first in the micropores, then in the mesopores,
and, subsequently, in the macropores. As a result, larger and
larger fractions of the micropore and mesopore structure will
become inaccessible to oxygen as the temperature is raised.
Finally, at sufficiently high temperatures, combustion will
take place only on the micropore and mesopore “mouths”
where they open up into the large macropore cavities identi-
fied in scanning electron microscopy (SEM) or optical mi-
croscopy images.

The different experimental reactivity patterns obtained as we
move from the kinetic control regime to that of strong diffu-
sional limitations reveal a wealth of information about the
size, shape, and spatial arrangement of the pores participating
in the reaction.38 To quantify this information, however, we
need a theoretical model that can accurately describe the pore
structure of solid reactants and its evolution in the various
reaction regimes. Once such a model is available, we will be
able to estimate any pore structure parameters that cannot be
determined by direct analytical measurements by matching
model predictions to experimental reactivity data.

We present here the development of a nanoscale model that
can accurately describe the reactivity of solids consisting of
multiple components and having a mixture of ordered and ran-
dom pores whose size ranges from a fraction of a nanometer to
several nanometers. This discrete model can be used to analyze
reactivity data at low temperatures where the reactions occur
primarily on the surface of submicro- and micropores.

Modeling the Pore Structure of Biochars

The importance of biochar

Biochar is charcoal generated for intentional soil amendment
by pyrolyzing sustainable biomass feedstocks. Pyrolysis con-
verts biomass into a material with 70–80% carbon, which is

about 30–40% of the original carbon in the biomass.38 Biochars

have high carbon sequestration value because a significant frac-

tion of their carbon content resists microbial or chemical degra-

dation and can stay in the ground for hundreds or thousands of

years.39 A recent study by Molina et al.40 placed carbon seques-

tration by biochar high on the list of strategies for reducing car-

bon emissions, because it can be deployed rapidly and

relatively cheaply. Woolf et al.41 estimated that global deploy-

ment of biochar has the potential to sequester up to 1.8 Gt of

carbon per year and up to 130 Gt over a century. Thus, biochar

can mitigate a significant fraction of the 15 Gt/year of total

global anthropogenic emissions.41
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At the same time, properly “engineered” charcoals can
increase the water holding and cation exchange capacities of
soils, improving the ability of plants to survive under drought
conditions and reducing fertilizer runoff into watersheds.42

The environmental performance of biochars depends on their
ability to absorb, retain, and release water and nutrients. These
biochar properties are controlled by their pore structure and
surface chemistry, which can vary widely depending on the
composition of the biomass feedstocks and the pyrolysis con-
ditions employed during biochar production.

The micropore structure of biochars

Nitrogen adsorption measurements revealed that biochars
produced in our laboratory were very microporous with the
vast majority of their pores being smaller than 2 nm.38

Moreover, the hysteresis observed in the adsorption/desorp-
tion isotherms indicated the presence of narrow, slit-like
pores.43 These observations are consistent with a molecular
structure of biochars that consists of a mix of (a) aromatic
carbon in an amorphous mass and (b) nanometer-size crystal-
lites composed of graphitic-like layers of aromatic carbon
clusters that are arranged turbostratically.44–46 These struc-
tures have been confirmed with nuclear magnetic resonance
(NMR)38 and X-ray diffraction (XRD) measurements.46 We
can conclude that the micropores of biochars consist of two
subpopulations: randomly distributed pores and domains of
orderly arranged pores. Random pores are formed between
the domains of amorphous carbon, whereas the ordered pores
are the slits formed between the graphitic-like layers of the
crystalline phase.

Thermogravimetric experiments and data analysis

For a typical thermogravimetric experiment, a small amount
of biochar is loaded on the sample of the sensitive microba-
lance of a thermogravimetric analyzer (TGA).38 After remov-
ing the moisture, the sample is heated to the final reaction
temperature in an inert atmosphere. When the desired temper-
ature is reached, the carrier gas is switched from inert to air
and combustion proceeds to completion. The biochar reactiv-
ity R tð Þ can be computed from the sample weight using the
formula

R tð Þ5 dx

dt
52

1

m02mf

dm tð Þ
dt

(1)

where x is the conversion of the combustion reaction defined by

x5
m02m tð Þ
m02mf

(2)

and where m tð Þ is the measured weight of the sample at time
t, m0 is the initial weight of the sample, and mf is the final
weight of the sample (ash).

Let Sg xð Þ be the total pore surface area that varies with
conversion as pores grow and coalesce. The reaction rate
R xð Þ can then be expressed by

R xð Þ5a � Sg � f cf ;T
� �

(3)

where a is a surface activity factor 0 < a < 1ð Þ to account for
the fact that reaction occurs only on a fraction of the total
pore surface area Sg xð Þ, T and c are the reaction temperature
and oxygen concentration, respectively, and f cf ;T

� �
is a func-

tion that describes the kinetics of the reaction. We can isolate

the surface area evolution pattern, however, if we normalize
R xð Þ by the reaction rate at some low conversion x0

R� xð Þ5 R xð Þ
R x0ð Þ

5
Sg xð Þ
Sg x0ð Þ

(4)

We set the reference conversion to x050:1 to minimize
uncertainties in the computation of the initial reaction rate
caused, for example, by the small temperature excursions
that are common artifacts of the controllers of TGA
equipment.

Development of a discrete pore structure model

The first step of our approach is to generate a nanoscale
model of the pore structure of highly heterogeneous solids
on a 3-D computational grid with cubic computational ele-
ments (or voxels). We should note here that the current
model is a significant generalization of the algorithm we pre-
sented in an earlier study that used 2-D simulations to
describe the controlled release of bioactive agents from mul-
ticomponent bioerodible devices.47

Domains of two solid components are distributed on the
grid to simulate reactants that may have different specific
reactivities and dispersions. Slit pores of fixed thickness are
distributed in one of the solid components that will be
denoted as the “crystalline” phase from now on. Finally,
cylindrical overlapping pores are randomly distributed in the
solid matrix. The diameters of the random pores follow a
normal distribution whose mean is significantly larger than
the thickness of the slit pores. The total volumes and size
distributions of the ordered and random pore subpopulations
are adjusted to match the experimentally determined micro-
and mesoporosities, as well as any available information
about the shape of the pores or the size of amorphous and
crystalline domains in the case of biochars. Figure 1 shows a
typical cross section of the 3-D arrays used for our
simulations.

The generated porous solids are then eroded using rules
that simulate a gas-solid, noncatalytic reaction that takes place
in the kinetic control regime. If Vi; i51; 2 is the volume of
phase i, the reaction rate ri of that phase can be written as

ri5
dVi

dt
5

MWi

qi

� �
� Si � f cf ;T

� �
(5)

where Si is the total area of phase i exposed to the gaseous
reactant, qi and MWi are the density and molecular weight
of the solid phase, and f cf ;T

� �
is the rate expression of the

chemical reaction that is constant for a given concentration
cf of the gaseous reactant and reaction temperature T. Equa-
tion 5 then yields

ri5ciSi with ci5
MWi

qi

� �
� f cf ;T
� �

(6)

where ci is the constant intrinsic reaction rate for given cf

and T.
Let us assume that the initial grid has N0 cubic computa-

tional cells with each cell having a side equal to L and vol-
ume V05L3. Let us also assume that N1;0 computational
cells contain solid component 1 (i.e., they belong to the crys-
talline phase), N2;0 cells contain component 2 (i.e., they
belong to the amorphous phase). The total porosity of our
solid is then given by
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et5
N02N102N20

N0

(7)

As the two solid reactants are consumed, the volume of
solid present in every computational cell is updated in an
iterative fashion. Each iteration corresponds to a different
time level t0; t1; t2; :::; tk; ::: where tk115tk1Dt. To simplify
the definition of normalized variables, we define Dt as the
time required to consume a layer with thickness L of the
solid reactant with the smaller intrinsic reaction rate. We
also define the normalized time h as h5t=Dt.

The reaction algorithm can then be written as follows
For the k-th time step k51; 2; :::;Mð Þ

1. For every computational cell j51; 2; :::;N, determine
first if it contains any solid.

2. If it does, determine if any of its faces are exposed to
reactant.

3. If at least one face is exposed to reactant, compute the
volume fraction DVj

� �k
that will react during the k-th

time step as follows

DVj

� �k
5

c1 � Sj � Dt if cell j belongs to phase 1

c2 � Sj � Dt if cell j belongs to phase 2

(
(8)

where c1 and c2 are the intrinsic rates for the crystalline
and amorphous phases, respectively, and Sj is the surface

area of the computational cell that is exposed to reactant
and Dt is the time step.
4. Once all computational cells have been updated,

the conversion vk and reaction rate rk of the com-
bined solid at time t5k � Dt are calculated as
follows

vk5vk211

XN

j51

DVj

� �k

N0V0

(9)

rk5

XN

j51

DVj

� �k

N0V0 � Dt
(10)

We also compute the conversions and reaction rates for the

crystalline and amorphous phases using Eqs. 9 and 10 but

summing only over the computational cells that belong to

the appropriate phase.
5. Steps 1 through 4 are repeated until both solid phases

are completely reacted.
To facilitate comparisons with experimental data, the reac-

tion rates are usually presented as functions of conversion v
and the normalized reaction rates are computed using as ref-
erence value the rate at 10% conversion

Figure 1. Cross section of the initial configuration of the nanoscale model for a porous solid.

Crystalline phase domains consist of thin layers of aromatic clusters (white straight lines) separated by slit pores (gray straight

lines), while the amorphous phase is formed by overlapping spherical domains (gray areas). Cylindrical pores (black areas) provide

the avenues for the gaseous reactant to reach the particle interior. For a typical simulation, the length of the side of the cross-sec-

tion is 200 nm; the slit pores are 0.5 nm in size and the average radius of the cylindrical pores is 5 nm.
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Figure 2. Crystalline phase reacts faster than the amor-
phous phase, even though both solids have
the same intrinsic reactivity.

There are no diffusional limitations in the slit pores for

this run. Data: ratio of phase volumes V1/V2 = 1.4—Dis-

persion parameter of amorphous phase d250:075—Po-

rosity due to random cylindrical pores er50:15—

Average radius of random pores rp = 5 nm.

r� vð Þ5 r vð Þ
r v0ð Þ

(11)

If the intrinsic reactivities of the two solid components are
equal, it is easy to see from Eqs. 6 and 10 that the normal-
ized reaction rate r� vð Þ gives the evolution pattern of the
total pore surface area of the solid and can be directly com-
pared to the experimental normalized rate computed by Eq.
4. When the two components have unequal reactivities, the
normalized rate r� vð Þbecomes a linear combination of the
evolution patterns of the reacting surface areas of the two
components. In either case, r� vð Þis a “fingerprint” reactivity
pattern that can be used to characterize the pore structure of
a reactant by comparing model predictions to thermogravi-
metric reactivity data.

To smooth out the noise that is inherent in discrete simu-
lation data, we also compute the least-squares approxima-
tions v̂ tð Þ and v̂i tð Þ; i51; 2 to the conversions of the
total solid v and the individual components vi; i51; 2 These
computations are performed using piecewise B-splines.48

The reaction rates for the individual phases and the
overall solid r̂1 tð Þ; r̂2 tð Þ and r̂ tð Þ are then computed
by differentiating the least-squares approximations to the
conversions.

Results and Discussion

We carried out a systematic parametric study to demon-
strate how key structural parameters affect the reactivity pat-
terns. To create nanostructures that can accurately simulate
the reaction of biochars, we randomly distributed on a 400
3 400 3 400 computational grid domains of crystalline and
amorphous solids. The amorphous domains consisted of
overlapping spheres whose diameter followed a normal dis-
tribution with user specified mean and standard deviation.
Crystalline phase filled the space between the amorphous
domains. Each crystalline domain consisted of thin, parallel
layers of solid separated by slit pores, which represented the
submicropores detected in biochars.38 Finally, we randomly
scattered on the grid cylindrical pores with specified cross-
sectional shapes and size distributions to match the experi-
mentally measured micropore properties of biochars.38 The
larger random pores penetrated the 3-D grid in all directions
to allow the gaseous reactant to penetrate the nanopore
structure.

The generation of the initial nanopore structures is a sto-
chastic process and, thus, every simulation run will produce
different results. To assess the variability of our model pre-
dictions, we generated 10 initial realizations of the micro-
pore structure with the same values of the pore structural
parameters (e.g., solid volume in each phase, phase domain
size distribution, submicropore and micropore volume,
micropore-size distribution, etc.). These realizations were
then reacted to compute the average reactivity patterns. The
coefficient of variation for the computed conversion values
never exceeded 2% at all time levels and was typically
around 0.5%. In addition, we performed a limited set of sim-
ulations using 800 3 800 3 800 computational grids.
Results from runs with the larger grid were within the vari-
ability estimated from simulations performed on the smaller
grid for the same structural parameters. Simulations on 400
3 400 3 400 grids required from 40 to 370 min of compu-
tational (CPU) time on a Macintosh workstation with dual
quad-core 2.93-GHz Xeon processors.

To account for diffusional resistance in the submicropores,
we assumed that the slit pores present in the crystalline
domains are initially filled with a fictitious reacting phase.
When there are no diffusional limitations in the slit pores,
we set the intrinsic reactivity of the fictitious phase filling
the slit pore to a much higher value than that of the crystal-
line solid phase. When the gaseous reactant reaches a slit
pore, the fictitious phase reacts rapidly allowing the gaseous
reactant to fully penetrate all parts of the slit pore that were
previously inaccessible to the reactant. After that point, reac-
tion occurs on all the exposed surfaces of the slit pore.

To simulate strong diffusional limitations, on the other
hand, we set the intrinsic reactivity of the fictitious solid to
be equal to the intrinsic reactivity of the crystalline solid.
When the gaseous reactant reaches a slit pore that is still
filled with the fictitious phase, it cannot penetrate into the
pore interior because the “filler” phase recedes at the same
rate as the pore walls. Thus, reaction occurs only on the
mouths of the slit pores where they open into the larger ran-
dom micropores.

Differential pore diffusion limitations strongly affect the
reactivity patterns

Figure 2 presents the conversion v vs. normalized time h
for the total solid as well as the crystalline and amorphous
phases. For this run, both solid phases are assumed to have
equal intrinsic reactivities c15c2ð Þ. Equation 6 then implies
that the reaction rates of the two solid phases will be propor-
tional to the magnitude of the surface area of each phase
that is exposed to the gaseous reactant. As Figure 2 shows
that the crystalline phase reacts much faster than the amor-
phous phase, we can immediately conclude that the pore
structures and, consequently, the reacting surface areas of
the two phases evolve at rates that are dramatically different.
For this run, there are no diffusional limitations in the small
slit pores of the crystalline phase. Thus, whenever the gase-
ous reactant reaches the mouth of a slit pore, it will pene-
trate rapidly into the slit to react on the entire surface area
of the pore walls. The walls of the slit pores are very thin as
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they are formed by graphitic-like sheets of aromatic carbon
clusters.38,44,46 As a result, reacting pore walls will disappear
quickly and the reactivity patterns will exhibit sharp peaks at
low overall conversions.

Figure 3 presents the rates r1; r2; and r vs. the total solid
conversion v. Again, this figure uses the raw simulation data
to demonstrate the low level of noise introduced by the dis-
crete simulation algorithm. Figure 3 shows that the reaction
rate for the crystalline phase reaches its maximum when
about 15% of the total solid has reacted, whereas the rate for
the amorphous phase exhibits a much slower rise reaching a
less pronounced peak at about 50% conversion. Clearly, the
overall reactivity pattern is determined by a superposition of
the reactivity patterns of the individual phases with a maxi-
mum around 15% conversion and a gradual decrease after
the maximum due to the still rising rate of the amorphous
peak that does not peak until 50% of the total solid has

reacted. This also explains how inflection points appear on
the reactivity patterns.

The appearance of diffusional limitations in the small slit
pores completely changes the reactivity patterns. As
expected, strong diffusional limitations slow down the over-
all reaction (Figure 4 and top panel of Figure 5) and double
the time required for complete conversion (Figure 4). Even
more striking, however, is the effect of diffusional limita-
tions on the reactivity pattern. When the gaseous reactant
cannot penetrate the small slit pores, the normalized reaction
rate exhibits a much flatter initial rise and a maximum in the
30–40% conversion range (bottom panel of Figure 5).

The effects of other pore structure parameters

Several other structural parameters can modulate the reac-
tivity patterns. If we keep the intrinsic reactivities of the two

phases equal c2=c1
51

� �
, a change of the phase volume ratio

from V2=V1
51:4 to V2=V1

53:0 will slow down the overall

reaction rate. This is because our model assumes that a
reduction of the crystalline fraction will lead to a decrease of
the overall porosity of the biochar. However, normalization
of the reaction rates with respect to the rate at 10% total
conversion brings the reactivity patterns much closer to-
gether. As shown by the corresponding curves of Figure 6,
the significant change of the volume ratio from 1.4 to 3 (and
the resulting decrease in total porosity by 20%) will have
only a small effect on the reactivity patterns. When the

phase intrinsic reactivities are unequal c2=c1
52

� �
, the same

change in the phase volume ratio triggers a more pronounced
effect as shown by the dotted curves of Figure 6.

Even though normalization of the reaction rates may par-
tially suppress the effect of structural parameters, it is essen-
tial for correctly interpreting the experimental reactivity
patterns obtained with thermogravimetric measurements.

Figure 3. Reaction rates vs. total conversion for the
crystalline phase, amorphous phase, and
total solid.

There are no diffusional limitations in the slit pores for

this run. All other parameter values are the same as in

Figure 2.

Figure 4. Strong diffusional limitations in the slit pores
significantly increase the time required for
complete conversion.

All pore structure parameters for these two runs are the

same as in Figure 2.

Figure 5. Strong diffusional limitations in the slit pores
not only slow down the overall reaction rate
of the solid (top panel), but they drastically
change the reactivity pattern expressed by
the normalized overall reaction rate (bottom
panel).

All pore structure parameters for these two runs are the

same as in Figure 2.
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As we have shown in earlier publications,14,38 thermogravi-
metric analyzers may go through temperature “excursions”
during the very early stages of the reaction due to the well-
known oscillatory response of proportional-integral-deriva-
tive (PID) feedback controllers to disturbances caused by the
start of an exothermic reaction. Thus, normalization is neces-
sary to avoid uncertainties caused by rate fluctuations during
the initial stage of the reaction.

The phase dispersion is another parameter that influences
the reactivity patterns. Our model assumes that the amor-
phous phase consists of overlapping spherical domains
whose radius follows a normal distribution with known
mean and standard deviation (see Figure 1). The parameter
d2 that quantifies the dispersion of the amorphous phase is
the ratio of the average radius of the spherical amorphous
domains over the characteristic length of the computational
grid, which is taken to be equal to the length of its side. As
shown in Figure 7, larger values of the phase dispersion pa-
rameter shift the maxima of the reactivity patterns to smaller
conversions. An analysis of the simulation results shows that
as d2 increases, the ratio of the external area of the amor-
phous domain clusters over their volume decreases. This
lowers the maximum of the reaction rate of the amorphous
phase and shifts it to higher conversions.

Model predictions and experimental TGA data

The discrete model provided very accurate approximations
to thermogravimetric data for biochar combustion at low
temperatures. We will only show here the results for an
apple wood biochar whose reactivity patterns could not be fit
with any of the available random pore or random grain
models.

As we reported in an earlier study,38 these apple wood
biochars are very microporous. Their adsorption isotherms
exhibit hysteresis that indicates the presence of narrow, slit-
like pores. Brunauer-Emmett-Teller (BET) and Dubinin–
Raduskevich analysis of adsorption data show micropore
volumes as high as 0.15 cm3/g and surface areas that can
exceed 300 m2/g under some production conditions.

Moreover, NMR measurements indicate the presence of aro-
matic domains consisting of large clusters with 15–20 aro-
matic carbon atoms. All these observations are consistent
with a molecular structure of biochars that consists of a mix
of amorphous domains and crystallites with slit pores.

Using the available data, we generated structures consist-
ing of crystalline and amorphous phases and reacted them
to simulate combustion of these chars at low temperatures.
Because it was not possible to independently measure the
intrinsic reaction rates of the two phases, we assumed that
both phases have the same specific reactivity. We assumed
that the distance between the planes that define the slit
pores was 0.5 nm, a value that is only slightly larger than
the distance between planes of the graphite. The volume ra-
tio of the amorphous and crystalline phases, the average ra-
dius of the cylindrical pores and its standard deviation, and
the size of the amorphous domains were the adjustable pa-
rameters for this apple wood biochar. Reactivity patterns
computed from experimental data and model predictions
were normalized with respect to the reaction rate at 10%
conversion.

Panel A of Figure 8 shows that the good agreement
obtained between model predictions and TGA experiments
for combustion of apple wood biochar in air at 350�C. For
this run, we assumed that there were no diffusional limita-
tions in the slit pores. The simulation results were able to
accurately match the experimental reactivity pattern that
exhibited a sharp maximum at low conversions.

When the combustion temperature was raised to 400�C,
the experimental reactivity pattern of the same apple wood
biochar shifted to higher conversion (Panel B of Figure 8).
This shift indicates the appearance of diffusional limitations
in the slit pores at the higher reaction temperature. By reduc-
ing the accessibility of the slit pores to the gaseous reactant,
the model was again able to accurately fit the experimental
reactivity pattern. All pore structural parameters were the
same for the simulation runs of Panels A and B of Figure 8.

Similar agreement was observed between model predic-
tions and experimental data for the combustion of corn sto-
ver biochars with oxygen at low temperatures.

Figure 7. Reactivity patterns are also affected by the
size of the spherical amorphous domains.

There are no diffusional limitations in the slit pores

for these four runs. Data: phases have equal intrinsic

reaction rates c15c2ð Þ—Porosity due to random

cylindrical pores er50:15—Average radius of random

pores rp55 nm.

Figure 6. Reactivity patterns are strongly affected by
changes in the intrinsic reactivity rates and
the volume ratio of the two phases.

There are no diffusional limitations in the slit pores for

these four runs. Data: dispersion parameter of amor-

phous phase d250:025—Porosity due to random cylin-

drical pores er50:15—Average radius of random pores

rp = nm.
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Concluding Remarks

The nanoscale model described in this study cannot be
used to simulate the combustion of biochars at high tempera-
tures where strong diffusional limitations appear in meso-
and macropores. Because biochars have pores with sizes
ranging from 0.5 nm to more than 10 microns, the “brute
force” approach used here would require computational grids
with more than 1016 nonporous cells. To overcome this limi-
tation, we use porous computational cells to generate
“microscale” models that describe the macropore structure of
biochars. Reaction now occurs primarily in the interior of
the computational cells and follows the reactivity patterns
that we have computed a priori with nanoscale models.

The combination of structural models, TGA reactivity
measurements and diffusion-reaction theory provides a
powerful framework that can help us gain new insights into
the pore structure of biochars. This novel approach comple-
ments nicely the analytical techniques that are currently used
to measure some of the pore structure properties of these im-
portant carbonaceous materials. A detailed characterization
of the pore structure and surface chemistry of biochars is an
essential prerequisite for understanding the fundamental
mechanisms that modulate the ability of biochar-amended
soils to absorb a fertilizer and release it again in a controlled
fashion. This will facilitate the development of optimally
“engineered” biochars that can lead to increased crop yields
while minimizing the leaching of fertilizer to rivers and
lakes.
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