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Ascertaining the role of mesopores GEE

and macropores in capturing carbon dioxide
in multi-hierarchical biochar sorbent:
a theoretical and experimental approach

Harn Wei Kua'"

Abstract

Biochar is increasingly studied as a potentially carbon-negative material that can also capture and sequester carbon
dioxide (CO,) from air or from a CO, stream. Physisorption of CO, is identified as the dominant process of CO, capture
in biochar; it is also widely accepted that micropores play the main role in capturing and storing CO, molecules,
whereas mesopores and macropores play a secondary role of providing a passageway for CO, molecules. This study
aims to critically revisit the roles of mesopores and macropores in CO, capture. The research objectives include
proposing improved mathematical models for calculating fractal dimensions for micropores, mesopores and mac-
rospores in sawdust and biochar samples produced at different temperatures (300 °C, 500 °C, 700 °C, and 1000 °C);
the CO, capture capability of these sorbents was then correlated with and predicted from their fractal dimensions,
pore volume, pore area, pore diameter/width, permeability, and porosity. For mesopores/macropores, the improved
fractal dimension model expressed the mercury contact angle on the sorbent pore wall with respect to the sur-

face area covered by mercury. For micropores, the improved model describes the CO, adsorption cross-section

of the sorbent within the formulation of the Brunauer-Emmett-Teller (BET) theory. It was found that these two
models provided more physically realistic values for fractal dimensions (between 2.81 and 3.00) for all the sorbents,
compared to existing models. The correlation between CO, capture capability and mesopore/macropore permeabil-
ity (R°=0.7148) is lower than the correlations with total pore volume (R?=0.7894) and fractal dimension (R*=0.7433).
Multiple linear regression analyses also showed that only total pore volume and porosity are statistically significant

in affecting CO, capture by these pores. Scanning electron microscopy revealed “in-foldings” of pore wall in biochar
samples produced under high temperature, which can help explain the relatively low correlation between CO, cap-
tured and pore permeability.

Highlights

« CO, capture is correlated with total mesopore/macropore volume (R?=0.7894) and fractal dimension (R?=0.7433)

- CO, capture’s correlation with mesopore/macropore permeability is lower (R?=0.7148)

- This is due to “in-foldings” on mesopore/macropore pore walls observed in biochar produced at higher tempera-
tures
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Rough pore surfaces stow down CO,
molecules, allowing Van der Waals
forces to bind themiin
mesopores/macropores

<

*  “In-folding” of pore wall
impedes permeation of
CO, moleculesinto
interior of biochar
sorbent

1 Introduction

Biochar has increasingly been studied as a low-cost
direct carbon (CO,) capture sorbent. It is potentially
carbon-negative from the life cycle perspective; this can
be attributed primarily to the stabilized biogenic carbon
(that will otherwise be re-emitted into the atmosphere as
CO, when the organic feedstock decomposes or is com-
busted) and the avoided CO, emissions resulting from
the substitution of fossil fuels by the syngas and bio-oil
co-produced with the biochar (Li et al. 2024; Ee et al.
2025). If the produced biochar can also be used to cap-
ture CO,, the additional carbon reduction was estimated
to be 4-5% (Dissanayake et al. 2020). Hence, it is impor-
tant to understand how different properties of biochar
affect its CO, capture capability.

Although CO, capture in biochar occurs through both
chemisorption and physisorption, numerous studies
have established that CO, capture by physisorption on
biochar is more dominant than by chemisorption. With
respect to physisorption, it has been widely accepted
that most of the CO, sorption occurs in the micropores,
whereas the mesopores and macropores play a secondary

and more passive role in directing CO, molecules
into the micropore network—that is, the mesopores/
macropores merely act as a passageway. It is important to
verify this notion through a better understanding of how
sawdust’s and biochar’s CO, capture capability is related
to its myriad physical properties, including surface
roughness (which can be described by its fractal dimen-
sion). It is hoped that better understanding can provide
hints on how these sorbents can be modified, and how
this can increase their CO, capture capability. However,
it is observed that current models for calculating surface
fractal dimension may not be applicable to sawdust and
biochar, because of the high geometrical complexity of
these sorbents. To address this gap in the current litera-
ture, the aim of this study is to critically revisit the roles
of mesopores and macropores in CO, capture.

To achieve this aim, this study has the following
research objectives:

+ Propose improved mathematical models for calcu-
lating fractal dimensions for micropores, mesopores
and macrospores of sawdust and biochar samples
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produced at different temperatures (that is, 300 °C,
500 °C, 700 °C, and 1000 °C).

+ Correlate with, and predict, the CO, capture capabil-
ity of the aforementioned samples with their respec-
tive fractal dimensions, pore volume, pore area, pore
diameter/width, permeability and porosity.

A review of the state-of-the-art knowledge in chem-
isorption and physisorption of CO, by biochar, and
of numerous commonly used mathematical models
for calculating fractal dimensions of porous media is
important.

For a more complete understanding of how sawdust
and biochar can absorb/adsorb CO,, an understanding
of the various types of relevant chemisorption is neces-
sary. The Lewis acid—base interaction between the func-
tional groups on biochar and CO, is the most significant
chemisorption pathway (Shafawi et al. 2021). Amine (—
NH,) and carboxylic acid (-COOH) can both act as Lewis
bases. Remnant alkali and alkaline earth metals (includ-
ing Ca, Mg, K, and Na) on the biochar can increase its
affinity for acidic CO, to form carbonates and bicarbo-
nates (Daful et al. 2021; Guo et al. 2022). However, oxy-
gen-containing functional groups can be a double-edged
sword for CO, capture—although pyrones and ketones
of the oxygen-containing functional groups attract CO,,
groups such as carboxylic acids, phenols, lactones, and
lactone are acidic, which can also reduce CO, chem-
isorption (Chiang and Juang 2017). Carboxyl (C=0)
and hydroxyl (-OH) groups strengthen hydrogen bond-
ing between biochar surfaces and CO, molecules with
the quadrupole moment (Xing et al. 2014), but surface
hydroxyl groups are hydrophilic and attracted water mol-
ecules on these adsorption sites can reduce availability
for CO, capture. Nonetheless, it is generally agreed that
biochar with a high C/N content, low O/C content, oxy-
gen content, and high specific surface area is preferred
for CO, capture (Zhang et al. 2023; Cao et al. 2022).

In physisorption, CO, capture capacity is widely
believed to rely on micropores less than 1 nm in diam-
eter, because at this size they are close to the dynamic
diameter of a CO, molecule (Li et al. 2022). Further-
more, the effectiveness of CO, sorption by micropore is
primarily dependent on the pore structure and specific
surface area (Dantas et al. 2021). In contrast, macropo-
res are believed to complement the physisorption role
of micropores by enhancing CO, diffusion through
reducing pressure drop (as the gas passes through the
pores), while mesopores provide a passageway for mass
transfer at the gas—solid interface (Zhang et al. 2023).
In comparing the adsorption performance of potas-
sium hydroxide (KOH)-modified biochar for CO, and
mercury capture from coal-fired flue gas, Zhang et al.
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(2025) found that the cumulative surface area of pores
smaller than 10 A has the most influence on CO, cap-
ture. Di et al. (2025) modified biochar via KOH acti-
vation and biomass tar impregnation to improve its
CO, capture capacity; they found that the effective-
ness of CO, capture was determined by the predomi-
nance of narrow micropores that provided abundant
adsorption sites. Their conclusion agrees with those
of Alcazar-Ruiz et al. (2024), who found that the rea-
son why KOH activation is the most effective in their
study is that the activation process produced the high-
est volume of micropores (about 0.342 cm?®/g). Using
microwave to carbonize the impregnated lignin to
increase the micropore structure of biochar, Zhang
et al. (2024) verified that CO, adsorption on lignin-
impregnated biochar was determined mainly by phys-
isorption in micropores, with relatively less influence of
chemisorption.

All these conclusions imply that physisorption of CO,
by a sorbent can be enhanced by adjusting the pore dis-
tribution—namely, increasing the volume of micropo-
res and producing small macropores with high specific
surface area to produce a multi-hierarchical porous
structure (Bari and Jeong 2023).

Understanding physisorption in solids necessitates
describing its surface roughness and correlating this
quality with different physical properties of the pores
in the solid sorbent. Surface characterization by fractal
dimension has been increasingly applied to quantita-
tively describe the heterogeneous and highly disordered
pore structure and pore surface roughness of biochar
(Wang et al. 2023). Furthermore, efforts have also been
made to correlate surface fractal properties of biochar
to the various physical and chemical properties, includ-
ing chemical reactions, distributions of chemical reac-
tivities, and mass transfer of gas in the pore network
(Chen et al. 2018; Jia et al. 2024; Hu et al. 2025). Various
models have been developed to derive fractal dimen-
sion from physical properties of sorbent. For example,
using an N, adsorption isotherm, the Frenkel-Halsey—
Hill (FHH) model (Pomonis and Tsaousi 2009; Mac-
Dougall 1947; Halsey 1948; Hill 1952) can be derived:

In (&;) =D —-3)In (ln(?f)) +C (1)

where V is the adsorbed volume of N, at equilibrium
vapor pressure, V,, is the volume of the monolayer, P,
and P are the saturated vapor and equilibrium pressures
of N, respectively. C is a constant, and D is the fractal
dimension of the heterogeneous porous media. Neimark
(1990) proposed a thermodynamic approach to deriving
the fractal dimension and proposed the following model:
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InS=C—-(D-2)nR. (2)

where S is the area of the solid—gas interface on the pore,
and R is the mean radius of curvature of the pore surface.

The two models above were applied and shown to be
appropriate for micropores based on gas adsorption. To
describe the wide range of pore sizes in a sorbent, frac-
tal models tailored for mesopores and macropores are
also needed for comparison. The model by Zhang and
Li (1995) is widely used and its derivation is outlined as
follows.

The work done by an applied pressure P to push a
certain amount of mercury into pores is equal to the
marginal increase in surface energy of the pores in a
low energy (nonwetting) situation (Rootare and Pren-
zlow 1967); that is

—PdV =y cos 6dS (3)

where y; is the surface tension of mercury (N/m?), 8 is the
contact angle between the infused mercury and the pore
wall, V is the pore volume, and S is the pore surface area.
integrating Eq. (3) over all the steps of pressure incre-
ments during the MIP experiment, and assuming that 6 is
constant throughout the experiment, one gets
Vn Vn Sn
- éPdV’#»f;)P,-AVi:chosHédS:chosé)Sn (4.)
where P; is the applied equilibrium pressure at each pres-
sure increment in the experiment, AV; is the incremental
volume of mercury that infuses into the pores at that par-
ticular P;, and S, is the corresponding pore surface area
covered by the mercury.
Mandelbrot (1983) gave a correlation of the fractal sur-
face area and the volume circumscribed by the surface as

S;/DMIP ~ Vr}/3 (5)

where Dyp is the pore surface fractal dimension for
the mesopores/macropores calculated from MIP data.
Assuming that the fractal area is a Euclidean area Zhang
and Li (1995) provided the following scaling relation

V1/3 Dap
S, = kDM”’rz (”) (6)

T'n

Applying Eq. (6) into Eq. (4), one gets (Zhang and Li
1995)

Vi 1/3\ Pmip

P AV; \%

ELW = kPmip y; cos 9( " )
il n

Vn 1/3
P AV V,
ézn<£;l> :DM1P<ln< L >+ln<kDM1Pchos e)
'n

'n

7)
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This implies that Dygp can be calculated as the gradient
Vi i :
of the straight-line graph plotted “In (W)"

against “/n (%:3)’1

Both the FHH’s and Niemark’s models (Egs. 1 and 2
respectively) are geometrical in nature. Because they do
not consider how the calculated fractal dimensions are
related to the surface kinematics of adsorbent (for exam-
ple, the reaction cross section of the surface) and how it
affects gas adsorption, the calculated results are likely to
be underestimated. Furthermore, the model created by
Zhang and Li (1995), Eq. (7), assumes an average con-
tact angle and this will be inaccurate if the pore surface
is highly complex (that is, has high fractal dimension)
or when the pore “ink bottle” effect is prominent (this is
explained in detail in Sect. 2).

To meet the objectives of this study, a two-stage
approach was taken. In the first stage, two improved
models for calculating fractal dimensions were proposed.
In the first model, fractal dimensions of mesopores/
macropores were defined with respect to the pore sur-
face geometry, and data obtained from Mercury Intru-
sion Porosimetry (MIP) was utilized for validation. In the
second model, classical BET theory was used to derive a
more comprehensive relation between fractal dimension
and surface kinematics of micropores. The calculated
fractal dimensions—Dgg; (for micropores) and D, (for
mesopores/macrospores)—were then correlated with
various physical and chemical properties of teak wood
sawdust (used as biochar feedstock) and biochar sam-
ples produced at 300 °C (BC300), 500 °C (BC500), 700 °C
(BC700) and 1000 °C (BC1000). More details on the
methodology are presented in the next section.

2 Materials and methods

2.1 Sawdust feedstock and biochar preparation

Dry sawdust from teak wood was used as biochar feed-
stock and it was obtained from local carpentry stores.
Teak wood was also chosen for earlier works (for exam-
ple, Gupta et al. 2021; Kua and Tan 2023) because this
helps to close the resource loop for wood waste. The raw
sawdust was passed through a 200 pm-sieve after visible
impurities or debris were removed. The sieved sawdust
was then transferred to titanium containers. For BC300,
BC500 and BC700, a Nabertherm 1100 °C muftle furnace
was used. The heating rate of +10 °C/min was chosen as
a slow pyrolysis process; when the residence temperature
was reached (for example, for BC300, this was at 300 °C),
a residence duration of 1 h was maintained before the
biochar sample was cooled down naturally in the furnace
(Kua et al. 2025). When the furnace temperature cooled
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down to 200 °C, the biochar sample was taken out of the
furnace and left to cool in the laboratory environment
(at a relative humidity of about 50% and temperature of
about 25 °C); this is done to avoid oxidation of the pro-
duced biochar (into ash) and thus improve the overall
feedstock-to-biochar yield (Kua et al. 2025). To prevent
contamination and oxidation, the cooling sample was
covered with a metal plate. After the sample was cooled
to room temperature, any visible ash was removed from
the surface, and only biochar samples that visibly did not
contain any ash were collected for analyses; these sam-
ples were found at a depth of about 3 cm below the top
surface.

For BC1000, a Nabertherm 1300 °C tube furnace was
used instead. The sawdust was placed in boat crucibles
made from zirconia (ZrO,>99.5%) and calcium oxide
(Ca0<99.9%) that were obtained from MTI Corpora-
tion Pte Ltd. During heating, three crucibles filled with
sawdust were spaced out evenly along the length of the
heating tube. The heating rate and cooling procedure
were the same as those for the other three types of bio-
char samples. The residence duration was kept to 15 min
to maintain a reasonable feedstock-to-biochar yield (Kua
et al. 2025). After heating, biochar samples from these
three crucibles were mixed before a sample was extracted
for analyses.

2.2 Mercury intrusion porosimetry (MIP)

MIP was conducted using an AutoPore IV 9500 Instru-
ment from Micromeritics Instrument Corporation.
Approximately 0.13 g of samples were dried at 60 °C
for 12 h and evacuated from the low-pressure port to
<50 mmHg to remove the residual gas and moisture.
Parameters were evaluated using a contact angle of 130°
between the pore surface and mercury. The highest
pressure applied in the mercury intrusion process was
59,948.95 psia. With increasing mercury pressure, pore
diameters of between 10.11 um to 3 nm were obtained.
A penetrometer volume of 5.9827 mL and mass of
62.8213 g was used. Median pore diameter (volume)
was measured at 1.31 psia and 1.559 mL/g, and median
pore diameter (area) was measured at 50,547.24 psia and
12.747 m*/g. This procedure is similar to the one used by
Onyekwena et al. (2024).

2.3 Brunauer-Emmett-Teller (BET) measurement with CO,
BET measurement was done using CO, because the aim
is to measure specific CO,-related surface kinematic
properties. The use of CO, in BET has been shown to be
more effective than N, for accessing and measuring ultra-
micropores that may be present in biochar (Kim et al.
2016; Mukhtar et al. 2020). An ASAP2020 Version 4.03
from Micromeritics Instrument Corporation was used.
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Backfill using nitrogen gas was carried out at the start
and end of every analysis run. Sample mass was kept at
around 0.3642 g, and CO, dosage was performed at a tem-
perature of 22 °C. A low pressure dose of 3.000 cm?/g
STP was applied. A maximum absolute pressure of
769.989624 mmHg was achieved, which corresponded to a
relative pressure (P/P,) of 0.029455247. Analysis based on
Density Functional Theory derived a minimum pore width
of 0.454 nm.

2.4 Mathematical model development for calculating
fractal dimension, Dyp, based on Mercury Intrusion
Porosimetry data

As stated above, the model created by Zhang and Li

(1995), Eq. (7), assumed that 6 is independent of the part

of the pore surface area that is covered by the mercury

monolayer and that it is sufficiently accurate to repre-
sent all values of 0 with just an average value. However,
this assumption is problematic when the pore surface is
highly complex (that is, fractal dimension is high) and/
or the “ink bottle” effect is prominent. MIP measures
pore size based on the diameter of accessible parts of
pores during the intrusion and extrusion cycle. Hence, as
shown in Figures S.1(a) and (b), a portion of the intruded
mercury is entrapped and so only the diameter of throat
pores can be measured, causing the measurement to bias
towards small pore sizes. When the mercury droplet
flows to the connection between the throat and ink bot-
tle part of the pore (from Figures S.1(c) to (d)), the con-

tact angle can change substantially (that is, from 6; to 65).

Likewise, when a mercury droplet flows into a “bubble

projection” (from Figures S.1(e) to (f)), the contact angle

can change substantially from 603 to 6. Therefore, when
pore surface and shape complexity increase, 6 should be
expressed as a function of surface geometry. To consider

a high level of surface complexity, the “resolution of anal-

ysis” must be increased—that is, we first consider a small

area on which the mercury droplet rests and then express

0 in terms of this differential area. This expression is

applied to Eq. (3) and, finally, we integrate over the entire

area covered by the mercury droplet to calculate the total
energy required to place the mercury droplet over an
area on the sorbent, S,,, when the pressure, P, is applied.

Because this approach does not involve an average value

for 6, it is expected to be more realistic and accurate.

Mathematically, the angle « is defined and treated as a
small angle (refer to Figures S.1(e) and (f)), which means
that

cos § =sin o ~ « (8)
Therefore,
aRcyrvature = Y. (9)
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where Reyrvarure is the average radius of curvature of
all the pores that adsorb the mercury. For small «, we
assume that the area that is covered by the mercury drop-
let (S) can be expressed by

9 /S
S=ny"=y= p

Equating Egs. (9) and (10) yields

(10)

1 S
0= —4/—.
Reurvature V 70

(11)

Applying Eq. (11) to Eq. (4), one gets

Vu s,
— Y PAV; ~ ya [ dS
i—0 0
S,
.} JSds =

_ 2yL §3/2
Rcurvatureﬁ 0

BRcurvatureﬁ "
(12)
Applying the scaling relation in Eq. (6) to Eq. (12), one
gets

SV PAV: _ okPmip/ 2y (vl PP
}’2 B 3Rcurvatureﬁ r?l/z

I INAY va'? 23PMIP 12y,

= ln( - =Dpyp - In rz/z +in E
(13)
The values of P;AVj;, r, and V,, were obtained from the
MIP experimental data. Finally, Djsp can be derived from
the gradient of the best-fit line graph plotted

7 1/2
» Y pAV; . :
ln(%)” against “ln(vg’/2 )”. A schematic sum-
n n

mary of the difference between the proposed model and
that by Zhang and Li is presented in Fig. 1a. Correlating
CO, captured with Dyp provides an idea of how surface
geometry of mesopores and macropores is related to the
adsorption of CO, molecules by these pores.

Equation 13 originated from defining 6 in terms of S,,.
To derive fractal dimensions for micropores (Dper), BET
data was used instead and so Eq. (13) is no longer valid;
another approach is required.

2.5 Derivation of fractal dimension based on Brunauer-
Emmett-Teller (BET) theory, Dger

In this section, a new model for calculating Dgg; is
derived based on the classical BET theory. It is a theory
on multilayer physisorption of an adsorbate (CO, in
our case) by a sorbent (sawdust or biochar), and it has
been used to quantify various properties of the sorbent,
including specific surface area and total pore volume.
It is an extension of the Langmuir theory (a theory for
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monolayer molecular adsorption) to multilayer adsorp-
tion with the assumptions that gas molecules are physi-
cally adsorbed in layers infinitely and they only interact
with molecules in adjacent layers. The BET theory can be
expressed as follows

i3 _(cfl).(%)Jrl
Na(1-Bn) N - ¢ .
14
BN S ) BURUR AR
C'E

in which # is the index that indicates the step in the
increase in applied equilibrium pressure during the BET
experiment, P, is the applied pressure in step n, Pg is the
saturation pressure of CO, at the adsorption tempera-
ture; Ny, is the adsorbed gas quantity in step n, whereas
N, is the quantity of gas monolayers adsorbed and c is
the BET constant. N,, can be related to the total surface
area of the pore, S,, by the BET theory and the scaling
relation in Eq. (6),

1/3\ DPaer
N,Nyoy - _kDBET7‘2 n
—_— =5, = | —
Vmolﬂr.COg I'n ( )
15
1/3\ DBeT

—~ N, = Vmolar.COZ 'kDBETrg VV’/

Nyoy, 'n

where N4 is the Avogadro constant, o, is the adsorption
cross section of sorbent at that particular Py, Vi,oir.co,
is the molar volume of CO,, Vj, is the total volume on/
in which the CO, molecules are adsorbed at the particu-
lar Py, ry, is the pore radius that the adsorbed molecules
enable us to measure at the particular P, and Dggr is the
fractal dimension calculated based on BET adsorption
data. 0, the adsorption cross-section of the sorbent, can
also be defined as

M molar.COy

Op = Un
Psorbent * Ny

(16)
where p5orpens is the density of sorbent, and p, is the
attenuation coefficient of the adsorption process. u, can
be estimated as a function of the reciprocal of P, as

_bn

MUn P,

(17)
where B is related to pressure gradient within the mul-
tilayer of adsorbed molecules or the change in the equi-
librium pressure with the thickness of the multilayer.
Equating Egs. (14) and (15), and substituting o, with
expressions in Egs. (16) and (17), one gets
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(a) Model proposed by Zhang

and Li (1985) (Equation 7)
Dy p derived as gradient
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contact equation 6to Vn p A
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pore volume “In Vn_/3 ”
(Vn) Tn
Model proposed in this
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model (Equation 1)
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study (Equation 18)
Dggr derived as gradient of the
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:‘> relate S, to
pore volume

(V)

= BEC TS

2
P 2
c'n /po-rn

K
. v,’3
” against “In (:—)

n

Fig. 1 Comparisons between the two fractal dimension models proposed in this study and established models for a mesopores/macrospores,

and b micropores
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<« Fig. 2 Pore qualities of sawdust and biochar samples—cumulative
volume of adsorption as measured from a mercury intrusion
and extrusion, b CO, adsorption and desorption, and distributions
of ¢ micropores, and d mesopores/macropores of sawdust
and biochar samples made at 300 °C, 500 °C, 700 °C and 1000 °C

D,
molanCOz - kZBET

[Nn(1-22)]  [e-n- (32) + (

Pn
¢ Py r2

lngalar.COZ )

() Lt )

2
Py 2
Cpy it

1/3 M,
Vi B molar.COy
= Dggr - In (—r ) —In N DEr
n P Vimolar.COy
(18)

In Eq. (14), N, can be expressed in terms of P, and P,
by using BET experimental data (as shown in Fig. S.2(a,
¢, e, gand i)). Equation (14) can be rewritten as

% (C—D'(%)_{_ 1
Nn(l—%>_ Ny, - c N, -c

Pu
In the graph plotted “—2e—" versus “(P—”)”, ( -1 )
graph p N, (1_ %) P, Nouc

n

(19)

is the gradient and ( Ni,‘ C) is the y-intercept. Knowing

these two quantities enables us to derive the value of ¢
as follows

Gradient

T 20
y — intercept 20)

Finally, when the value of “c” was found from Eq. (20)—
as shown in Fig. S.2(b, d, f, g, and j)—it was substituted
into Eq. (18) so that the value of surface pore fractal
dimension, Dggr, for a certain BET dataset can be calcu-
lated from the gradient of the best-fit line graph plotted

o OB o0 ()]

P35
5 A

1/3
against “ln(vff)f By

correlating CO, captured with Dprr, we can understand
how surface geometry of micropores is related to the
adsorption of CO, molecules by these pores. A schematic
summary comparing the proposed model with the FHH
and Neimark’s models is presented in Fig. 1b.

3 Results

3.1 Comparisons of Dyp and Dger from different models
MIP measurements indicate that the “ink bottle” effect is
prominent in mesopores and macropores (Fig. 2a); this
is because the desorption and adsorption parts of the
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Table 1 Comparison of calculated fractal dimension based on applying the different theoretical models to BET and MIP data

Sample Dger D
FHH (Halsey 1948; Neimark (1990) Proposed model Zhang and Li (1995) Proposed model
Hill 1952)
Teak wood sawdust —0.50 (0.9968) 2.09 (0.7859) 1.84 (0.9903) 3.30(0.9896) 3.00 (0.9916)
BC300 0.66 (0.9925) 2.17 (0.9254) 91 (0.9898) 1(0.9939) 2.81(0.9946)
BC500 0.26 (0.9779) 2.20(0.9262) 2.05 (0.9906) 3.18 (0.9854) 2.92(0.9858)
BC700 1.86 (0.9954) 2.20(0.9188) 2.06 (0.9983) 3.34(0.9869) 3.00(0.9892)
BC1000 1.86 (0.9955) 222 (0.9713) 2.06 (0.9986) 3.23(0.9884) 2.98 (0.9898)

Values in brackets refer to goodness of fit, R?

isotherms do not coincide (in fact, the desorption parts
are almost horizontal). This distinct “ink bottle” effect
explains why the model created by Zhang and Li (1995) is
inaccurate—it gives Dyyp>3.00 (refer to Table 1), which
is nonphysical from a surface geometry point of view
(Rootare and Prenzlow 1967). In contrast, the model
proposed in this work expresses 6 with respect to the
geometry of the area covered by the mercury monolayer
(Figure S.1 in the supporting information, and as derived
in Sect. 2) yields Dyyp < 3.00.

On the contrary, Fig. 2b shows much lower “ink bottle”
effect in micropores (measured using CO, adsorption
and desorption). Applying the FHH model to the BET
data yields negative Dgpr values (Table 1). In contrast,
the model proposed in this work produces a higher range
of goodness-of-fit (R?) (between 0.9898 (for BC300)
and 0.9986 (for BC1000)) than that by Neimark’s model
(between 0.7859 (for sawdust) and 0.9731 (for BC1000)).
This shows that Dprr can be derived more accurately by
considering reaction kinematics alongside geometrical
relation between the average pore radius and pore sur-
face area.

In summary, the results shown in Table 1 show that
the models proposed in this study are more suitable than
current models for analyzing the sawdust and biochar
samples in this study.

3.2 Comparison of pore size distributions

All the four types of biochar samples retain the dominant
micropore size of sawdust at about 0.52 nm and 0.58 nm,
and the quantities of micropores of these sizes are similar
in BC500, BC700 and BC1000 (Fig. 2¢). Increasing pyrol-
ysis temperature creates more micropores from 0.7 nm
onwards (Fig. 2d). However, the trend is not as clear cut
for the mesopores and macropores—BC700 has more
pores in the 17.3-100 um range than the other biochar,
while pores of size 100-179.3 um and 179.3-223.2 um
are dominant in BC1000 and BC500 respectively.

3.3 Correlations among pyrolysis temperatures and pore
related properties (including Dger and Dyp)

Table 2 shows the various pore related properties meas-
ured from both MIP and BET, and the corresponding
Dger, Dyip and CO, capture capabilities. The increase
in pyrolysis temperature increases the values of Dggr,
total micropore volume and micropore surface area;
Dprr correlates well with both these properties as well
(Fig. 3a, b). However, the correlation between Dpgr and
average pore width is lower (R*=0.619: Fig. 3c); this is
because the increase in pyrolysis temperature can ther-
mally decompose the biochar walls, while creating more
but smaller micropores, instead of increasing the average
pore width of existing or new pores.

On the contrary, increasing pyrolysis temperature
results in an increase in total mesopore/macropore vol-
ume (correlates with Dyyp, R*=0.9316; Fig. 3d) but a
decrease in total mesopore/macropore pore surface
area (correlates with Dyyp, R*=0.9862; Fig. 3e); this can
be explained as coalescence of mesopores/macropores.
This deduction is supported by the observation that aver-
age pore diameter (Fig. 3f) and pore porosity (Fig. 3h)
increase with pyrolysis temperature.

When pyrolysis temperature was increased from 300 to
700 °C, even when Dyp increases, a drastic decrease in
permeability (to mercury intrusion) is observed at 700 °C
and at about Dpp=2.92. Raising pyrolysis temperature
from 700 to 1000 °C marginally affects the Dayp, but
the permeability increases by 2.5 times (from 19,329.19
mdarcy to 55,218.86 mdarcy, as shown in Table 2). These
results (also shown in Fig. 3g) indicate microstructural
changes to the mesopores/macropore walls at the higher
pyrolysis temperatures.

3.4 Comparisons between CO, capture capabilities

and pore related properties
Overall, the amount of CO, captured increases with
pyrolysis temperature—from 1.26 to 3.82 mmol/g of
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sorbent. Although the quantities of micropores are simi-
lar in BC500, BC700 and BC1000 (refer to Fig. 2c), the
amount of CO, captured increases with pyrolysis tem-
perature; this implies that there are other over-riding
factors that have larger effect on the amount of CO,
captured by micropores. In fact, the amount of CO, cap-
tured is significantly correlated with Dgpr (R*=0.9097;
Fig. 4a), total micropore volume (R*>=0.9977; Fig. 4b) and
micropore surface area (R*=0.9876; Fig. 4c). On the con-
trary, the correlation with average micropore width is not
as high (R*=0.8152; Fig. 4d).

In comparison, CO, capture capabilities of
mesopores/macropores are less correlated with Dyp
(R*=0.7433; Fig. 4e), total pore volume (R?=0.7894;
Fig. 4f), pore area (R*=0.0756; Fig. 4g) and pore diame-
ter (R?>=0.3951; Fig. 4h). The correlation between Dyyp
and total mesopore/macropore pore area is the low-
est, and this phenomenon is consistent with the afore-
mentioned observation that total pore area decreases
with pyrolysis temperature (which can be attributed
to pore coalescence). Finally, the amount of CO, cap-
tured by mesopores/macropores has lower correlation
with permeability (R?=0.7148; Fig. 4i) than with Dyp
(R*=0.7433; Fig. 4e), pore volume (R*>=0.7894; Fig. 4f)
and porosity (R*=0.7590; Fig. 4j). These results provide
clear evidence that the sorbents play a more significant
role in adsorbing CO, into their mesopores/macropo-
res than merely acting as a passageway for these CO,
molecules. This phenomenon is explained in Sect. 4.3.

3.5 Predicting CO, capture from pore properties

While correlations describe how two variables are
linked to each other, regression models are used to
quantitatively predict the value of a dependent variable
based on independent variables.

As shown in Table 3, CO, captured by micropores can
be accurately predicted by pore width (Wjyicre), pore
volume (Viuicro) and pore area (Amicro), at an adjusted
R?>=1. These three variables play a statistically signifi-
cant role in determining the amount of CO, captured,
because their p values were 0.015, 0.005 and 0.016
respectively, at the 95% level of confidence. F-statistics
is 0.001 (<0.05) and so this model is considered statis-
tically significant and reliable. Dprr was not included

(See figure on next page.)
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in this multiple linear regression because it depends
on Wiicro» Vinicro and Asicro; including it will introduce
multi-collinearity to the linear model and reduce its
overall accuracy.

Similarly, only two independent variables were found
to have statistically significant influence on CO, cap-
tured in the mesopores and macropores (Table 4)—
they are the total mesopore/macropore volume
(Vmeso/macro5 p=0.012, <0.05) and pOfOSitY (Pmeso/mucro$
p=0.013,<0.05). Although pore permeability has a
reasonably high correlation with the CO, captured, its
significance was not found to be as high as the afore-
mentioned two variables in this linear model. This is
explained in Sect. 4.3.

Finally, the regression relations of micropores (Eq. 21)
and mesopores/macropores (Eq. 22) can be summa-
rized as follows:

[COQNimicro = 1144 Wipsicro + 145.608Vipicro — 0.0124 551070 — 0.974
(21)
[COZ]meso/macro = 44~924Vmeso/macro - 5~195Pmeso/macro +272.518
(22)
where [CO2]icro and [CO2)e50/macro are the percent-
age of CO, captured by the micropores and mesopores/
macropores respectively.

4 Discussion

The results above highlighted three unusual relations.
Firstly, the increase in pyrolysis temperature leads to an
increase in Dyp and pore volume, but a decrease in pore
area. This phenomenon was not observed for micropo-
res. Secondly, permeability of mesopores/macropores
does not increase monotonically with pyrolysis tempera-
ture. Lastly, CO, capture by mesopores/macropores is
determined by pore volume and porosity, but not perme-
ability. Explanations for these three phenomena are pro-
vided in this section.

4.1 Evolutions in pore properties with increase in pyrolysis
temperature

Coalescence of pores under heat treatment can be

described in terms of the resultant total pore volume

using the following relation, assuming that these pores

are spherical in shape

Fig. 3 Correlations between pore fractal dimensions (Dgr for micropores and Dy, for mesopores/macropores) and a total micropore volume
(cm/g), b total micropore area (mz/g), c average micropore width (nm), d total mesopore/macropore volume (mL/g), e total mesopore/macropore
area (m%/g), f average mesopore/macropore diameter (nm), g mesopore/macropore permeability (mdarcy), and h mesopore/macropore porosity
(%). In each of the graphs, values for the sawdust and four types of biochar (BC300, BC500, BC700 and BC1000) were plotted, and the equations

for the best-fit curves were presented
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N M
RE=) airgiy i+ Toews— P (23)

i=1 i=1
where «; describes the expansion of old pore i(with size
Toid ;) as a result of increasing the pyrolysis temperature
(for example, from 300 to 500 °C to produce BC500), N
represents the maximum number of pores that undergo
expansion, M represents the maximum number of newly
formed pores at the end of the heating process (in the
above example, this particular point in time is when
BC500 is created), R is the size of the resultant pore due
to the expansion and coagulation of old pores (first term
on the right-hand side of Eq. (23)) and the creation and
coagulation of new pores of size 1y ; (second term on
the right-hand side of Eq. (23)), and B accounts for any
overlapping of the pores. Equation (23) can be rewritten
to derive a general formulation for total surface area of
the resultant pore,

N M
R2 _ Z (O[ﬂ"old_i) r2 + Z (rnew_i> 7‘2 ﬂ
- Cold_i Tnew_i T
(24)

and the resultant

Since &
Told

@
- > o, hence 1 > ’#ld*’

i

pore area is smaller than the sum of the old pores before
expansion and coagulation—that is,
N, (airoaiy 2 X, 2

iVold_i
> (FR) o < Z: Told_ic

i=1 i=
The phenomenon that total mesopores/macropores

area decreases from BC300 to BC700 (Table 2; Fig. 3e)—
N

that is, R* < > er 4 i—is due to the creation and coales-
=1 -

cence of new mesopores/macropores (second term on
the right-hand side of Eq. (24)) not being a dominant
phenomenon. In other words, as pyrolysis temperature
increases from 300 to 700 °C, the mesopores and
macropores are dominantly produced by the expansion
and/or coalescence of older pores (formed at lower
temperatures).

On the other hand, the total micropore area monotoni-

N
cally increases with temperature—that is, R > Z rgld_i
i=

(See figure on next page.)
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—which indicates that the creation of new micropores is
more dominant as pyrolysis temperatures increases.

4.2 Changes in permeability of mesopores
and macropores with pyrolysis temperatures

Applying the theoretical insight from Eq. (24), the micro-
structural change caused by increasing pyrolysis tem-
peratures is illustrated in Fig. 5, which is supported by
observations from scanning electron microscopy (SEM).

In essence, the increase in Dyp is due to the forma-
tion of “secondary pores” due to the expansion and coa-
lescing of older pores (formed at lower temperatures);
this increases the total pore volume while decreasing
the total pore area (as explained in Sect. 4.1). Increased
Dyp implies that the surface non-uniformity (rough-
ness) of the original pore wall has increased. When indi-
vidual pores enlarge, more connections among them will
be established, and this leads to an increase in overall
porosity and permeability. However, as the pyrolysis
temperature reaches 700 °C, flaking of the biochar pore
walls can give rise to projections (or “in-foldings”) that
block the access to neighboring pores, thus decreas-
ing permeability even if the porosity and pore volume
increase. When the temperature reaches 1000 °C, these
“in-foldings” were either burnt off or disconnected from
the supporting pore walls as a result of pore expansion;
this results in an overall increase in permeability again—
as observed between BC700 and BC1000. This phenom-
enon was not observed for the sawdust sample.

4.3 Contributions of mesopore/macropore permeability,
porosity, pore volumes and D, to CO, capture

As reflected in Sect. 3.4, mesopore/macropore perme-

ability (Fig. 4i) has less correlation with CO, capture

than with Dygp (Fig. 4e), total pore volume (Fig. 4f) and

porosity (Fig. 4j). How is it possible for these mesopores/

macropores to adsorb CO, molecules?

CO, physisorption is mainly driven by van der Waals
forces and pore filling of inflowing CO, molecules
(Alcazar-Ruiz et al. 2024). Pore filling occurs mainly in
micropores, because their size is close to the dynamic
diameter of a CO, molecule (Li et al. 2022). However,
as shown in Fig. 6, when the pore surface is rough—that

Fig.4 Correlations between CO, capture by sawdust and biochar samples and different pore properties: a micropore fractal dimension, b total
micropore volume (cm3/g), ¢ total micropore area (m2/g), d average micropore width (nm), e mesopore/macropore fractal dimension, f total
mesopore/macropore volume (mL/g), g total mesopore/macropore area (m?/g), h average mesopore/macropore diameter (nm), i mesopore/
macropore permeability (mdarcy) and j mesopore/macropore porosity (%). In each of the graphs, values for the sawdust and four types of biochar
(BC300, BC500, BC700 and BC1000) were plotted, and the equations for the best-fit curves were presented
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Table 3 Results of multiple linear regression aimed at predicting CO, captured by micropores from average micropore width (nm),
total micropore volume (cm?3/g) and total micropore area (m%/g) at 95% level of confidence

Regression statistics (micropores)

Multiple R 1.000
R square 1.000
Adjusted R square 1.000
Standard error 0.006
Observations 5.000
ANOVA
df SS MS F Significance F

Regression 3.000 159417 53.139 1,425,652.871 0.001
Residual 1.000 0.000 0.000
Total 4.000 159417

Coefficient Standard error t Stat p value Lower 95% Upper 95%
Intercept -0.974 0.027 -36.076 0.018 -1317 -0.631
Average micropore width (nm) 1.144 0.028 41.078 0.015 0.790 1.498
Total micropore volume (cm®/g) 145.608 1.099 132447 0.005 131.639 159.577
Total micropore area (mz/g) -0.012 0.000 —38.829 0.016 —-0.016 —0.008

Table 4 Results of multiple linear regression aimed at predicting CO, captured by mesopores and macropores from total pore volume
(mL/g) and porosity (%) at 95% level of confidence

Regression statistics (mesopores and macropores)

Multiple R 0.990
R square 0.979
Adjusted R square 0.958
Standard error 1.288
Observations 5.000
ANOVA

df SS MS F Significance F
Regression 2.000 156.096 78.048 47.011 0.021
Residual 2.000 3.320 1.660
Total 4.000 159417

Coefficient Standard error t Stat p value Lower 95% Upper 95%
Intercept 272518 31.388 8.682 0013 137466 407.570
Total volume (mL/g) 44924 4.900 9.167 0.012 23.839 66.009
Porosity (%) —5.195 0.599 -8.671 0.013 —7.773 -2617
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Fig. 5 Graphical model and scanning electron microscope (SEM) images showing the effects of increasing pyrolysis temperature on pore volume,
permeability and porosity, due to the expansion and coalescence of old pores and creation of new pores; the effect due to creation and destruction
of projections (or, “in-folding”) of pore walls on permeability is also explained. Sawdust samples are not shown. The area highlighted in the dotted
box is used in Fig. 6 to explain how CO, molecules can be adsorbed into the pores due to the highly uneven surfaces (that is, high D,,)

Mesopore/macropore surface

Gas flow slowed down by uneven
surface of mesopore/ macropore
(high Dyp), causing CO, moleculeto
be attracted by Van der Waals forces
into the pores

CO, molecule
extracted from
gas flow and
entrapped in

micropore (pore

filling) CO, molecules flow through permeable

* mesopore/macropore networkinto interior
y" of sorbent; if “in-foldings” impede this flow,
overall CO, adsorption will be reduced.

“In-foldings”
in pore wall
impeding
flow of CO,
molecules

Fig. 6 A possible situation where the mesopore/macropore network is permeable to CO, flow and the uneven mesopore/macropore surfaces
(high Dyp) promote CO, adsorption (for example, attraction by Van der Waals forces) by slowing down the gas flow around the pores
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is, Dyyp and total pore volume (R?*=0.9316) values
are high—the uneven surfaces of regions around the
mesopores and macropores can slow down the flows
of CO, molecules. Dyp is also highly correlated with
porosity (R*=0.9951), which implies that slowing down
the gas flow enhances attraction of the CO, molecules by
Van der Waals forces into these pores.

If CO, molecules flow into the pore network farther
away from the pore surfaces (Fig. 6), they can permeate
deeper into the sorbent where they can eventually be
adsorbed by other pores (micropores, mesopores and/or
macropores). However, this is dependent on whether the
CO, flow encounters any of the aforementioned “in-fold-
ings” that impede diffusion. Such impedance will reduce
the reach of the CO, molecules into the sorbent, thus
reducing the net amount of CO, capture. This is a possi-
ble explanation for the relatively low correlation between
CO, capture and permeability (R*=0.7148).

5 Conclusion

This study sets off to improve the derivations of fractal
dimensions for micropores, mesopores and macrospores
of sawdust and biochar samples, and then verify the roles
of mesopores/macropores in capturing CO,. The key
findings can be summarized as follows:

+ The Dpgpr and Dyp derived from the models pro-
posed in this study provide better representations of
the experimental data. The reasons are that the pro-
posed model for micropores considers the kinemat-
ics of adsorption of CO, molecules, and the model
for mesopores/macropores considers the complex
relation between the contact angle of the mercury
and geometry of the surface that it covers

+ The increase in pyrolysis temperatures increases
Dprr, total pore volume, pore area and pore radius.
CO, capture capability is also strongly correlated
with all these properties

+ The increase in pyrolysis temperatures increases
Dpp, total pore volume and pore size, but decreases
total pore area; this can be attributed to pore enlarge-
ment and coalescence. The increase in pyrolysis
temperature does not monotonically increase per-
meability; this is because complex changes in the
microstructures of the mesopores/macropores, such
as creation of “in-foldings” of pore walls, can impede
gas flows into the sorbent at higher temperatures.

+ More importantly, contrary to common knowledge,
it is shown that the correlation between CO, capture
capability and pore permeability is lower than those
with total pore volume and Dyyp. Henceforth, the
role of mesopores and macropores is not restricted
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to providing a passageway for CO, molecules to
enter the sorbent.

+ Multiple linear regression analyses show that CO,
capture capability of micropores can be predicted
by their average radius, total volume and total area.
In contrast, CO, capture capability of mesopores/
macropores can only be predicted by their total vol-
ume and porosity.

One limitation of this study is that chemical functional
groups on the sorbent have not been fully analyzed; spe-
cifically, how any difference in the amount of C=0, —OH,
—NH, and ~-COOH on the sorbent can be correlated with
changes in Dggr, Dpip, and other properties relevant to
CO, capture should also be studied. Such a study will be
essential for us to design low-cost, effective multi-hierar-
chical porous CO, sorbent in the future.

Future research should also examine more consistent
methods of increasing Dpp and then correlate it with
any changes in CO, capture capabilities. These methods
may include mechanical means, such as grinding and
ball-milling.

Measurements of CO, adsorption were carried out at
ambient temperature of 22 °C. Another improvement
that can be made in future studies is to vary the tempera-
ture and pressure at which the different types of biochar
samples are dosed with CO, and then evaluate the influ-
ence of Dger and Dyyp on their CO, capture capabilities.
This is important because biochar may be considered for
use as a carbon adsorber under different environmental
conditions (including temperature and pressure).
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