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Abstract

Activated carbon monoliths require both methane adsorption capacity and mechanical
strength for gas storage. In this study, monoliths were prepared from fine, medium and
coarse activated carbon particles to examine the effect of particle-size combination on these
properties. Single fractions and binary mixtures at a volume ratio of 3:7 were molded
under the same conditions. The pore structure, density and compressive strength were
analyzed and methane adsorption was evaluated. The coarse-particle monolith had the
largest micropore volume of 1.03 cm?/g and the highest methane uptake per unit mass of
3.735 mmol/g at an absolute pressure of 10 bar. The fine—coarse monolith showed a lower
uptake of 3.590 mmol/g but a higher density of 0.480 g/cm?. Its calculated uptake per
unit volume was the highest at 1.72 mmol/cm?, slightly above the 1.70 mmol/cm? of the
coarse-particle monolith. The higher density therefore compensated for the lower uptake
per unit mass. The medium-coarse monolith showed the highest compressive strength of
7.83 MPa. These results indicate that the particle-size combination should be selected by
considering monolith density and compressive strength together with methane uptake per
unit mass.

Keywords: activated carbon monolith; particle size; particle packing; microporosity; com-
pressive strength; methane adsorption

1. Introduction

Natural gas emits less carbon dioxide per unit of energy than coal and petroleum-
based fuels during combustion [1,2]. Methane is its main component, and natural gas is
commonly stored as compressed natural gas (CNG) or liquefied natural gas (LNG). CNG is
stored at about 20-25 MPa, while LNG requires cryogenic temperatures [3-5]. The energy
consumption and equipment required for these storage methods have led to studies on
adsorbed natural gas (ANG) storage, which uses porous adsorbents at moderate pressures
and near-ambient temperatures [6-8].

Activated carbon has been investigated for ANG storage along with zeolites and metal-
organic frameworks [9-11]. Its high specific surface area and pore volume provide sites for
methane adsorption, and its chemical stability and relatively low cost are advantageous for
adsorbent preparation [12-14]. Activated carbon can be prepared from coal, coconut shells,
polymers and pitch, with different pore structures depending on the raw material and acti-
vation conditions. Methane adsorption mainly occurs through physical interactions, so the
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micropore volume and pore size distribution are important in determining the adsorption
capacity [15-17]. However, activated carbon with a high adsorption capacity is often ob-
tained as a powder. Powder handling can cause particle loss, and fine particles can produce
a high pressure drop during gas flow through a packed bed [18,19]. To facilitate handling,
activated carbon powder can be mixed with a binder and formed into a monolith [20-22].
The binder holds the particles together but can also cover the carbon surface and block pore
entrances. The specific surface area and pore volume per unit mass of the monolith may
therefore decrease through both pore blockage and a reduction in the activated carbon mass
fraction [23,24]. These changes can lower methane uptake per unit mass even when the
mechanical strength of the monolith is improved.

The properties of a monolith also depend on the size and arrangement of the activated
carbon particles. Fine particles can occupy spaces between coarse particles when different
size fractions are mixed, although the resulting packing density depends on the particle-
size ratio and the proportion of each fraction [25,26]. Saeidi and Lotfollahi [25] reported
that screening activated carbon to smaller particle sizes improved the surface area and
mechanical strength of extruded monoliths. Reljic et al. [24] showed that an increase in
monolith density could compensate for lower methane uptake per unit mass after binder
addition. Our previous study examined the effects of blending ratio and binder content using
activated carbon fractions of 26-53 and 212-250 pum [27]. Among the tested formulations,
M50ML had a structural density of 0.544 g/cm? and a compressive strength of 27.5 MPa. That
comparison concerned one fine—coarse pair and did not establish whether other particle-size
pairings would give the same relation between density, strength and methane adsorption.

Comparing different particle-size pairings at a fixed blending ratio and binder content
allows this relationship to be examined without varying these preparation factors. Binder
content can affect particle bonding as well as the activated carbon mass fraction and pore ac-
cessibility. Different particle-size combinations may still change particle contacts and binder
distribution under the same molding conditions. An increase in powder packing density
may therefore not produce a corresponding increase in monolith strength. Methane uptake
per unit volume also depends on both uptake per unit mass and monolith density [28]. A
combination that gives higher packing density cannot therefore be assumed to give higher
strength and methane uptake per unit volume.

In this study, activated carbon was classified into fine, medium and coarse fractions.
Monoliths were prepared from the individual fractions and their binary mixtures. All
three binary combinations were examined at a volume ratio of 3:7 with the binder content
and molding conditions kept constant across all samples. The objective was to examine
whether the particle-size combinations that increased powder packing density also gave
higher compressive strength and methane uptake per unit volume after molding. The
pore characteristics and monolith density were compared to examine their contributions to
methane uptake on mass and volume bases.

2. Materials and Methods
2.1. Materials

Coconut-shell-based granular activated carbon (POSCO Future M, Pohang, Republic
of Korea) with a specific surface area of approximately 2000 m? /g was used as the raw
material. This commercial activated carbon was selected because of its availability and high
specific surface area. Coconut-shell activated carbon from the same supplier had also been
used in our previous monolith study [27]. All particle-size fractions were prepared from
one commercial material to keep the carbon source unchanged. A styrene acrylic binder
(SBA) and carboxymethyl cellulose (CMC) were supplied by Unisol Chemicals (Yongin-si,
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Republic of Korea). SBA was used as the liquid binder and CMC as the dispersant. Distilled
water was used to prepare the mixture.

2.2. Preparation of Activated Carbon Monoliths

Granular activated carbon was pulverized using a grinder and sieved for 24 h through
a 75 pm sieve mounted on a sieve shaker. The passing powder was further classified using
26 and 53 um sieves. AC-F passed through the 26 pm sieve. AC-M passed through the
53 um sieve and was retained on the 26 pm sieve. AC-C passed through the 75 pm sieve
and was retained on the 53 um sieve. All powders were dried in an oven at 80 °C before use.

Monoliths were prepared from the individual fractions and binary mixtures of AC-
F/AC-M, AC-F/AC-C and AC-M/AC-C. The smaller and larger particle fractions in each
binary mixture were blended at a volume ratio of 3:7. This ratio retained the larger fraction
as the main component and was kept constant across the three pairings to compare the
effects of particle-size combination. For each 1.0 g of activated carbon, 1.65 g of distilled
water, 0.242 g of SBA and 0.024 g of CMC were used. SBA and CMC were stirred in distilled
water at 60 °C using a mechanical stirrer until the binder was uniformly dispersed. The
resulting mixture was then kneaded with the activated carbon powder. A 7.5 g portion of
the mixture was placed in a cylindrical mold with a diameter of 30 mm and compressed
at 20 MPa for 2 min using a hydraulic press. A pressure of 20 MPa was used as a fixed
forming condition for comparing the particle-size combinations. Monoliths suitable for
subsequent characterization were obtained from all six formulations at this pressure. The
reported trends apply to the present material and binder composition under these forming
conditions. The molded samples were dried at room temperature for 24 h and then in an
oven at 80 °C for 24 h.

The monoliths prepared from AC-F, AC-M and AC-C were named M-F, M-M and M-C,
respectively. Those prepared from the binary mixtures were named M-FM-37, M-FC-37
and M-MC-37. The suffix 37 denotes the volume ratio of the two activated carbon fractions.

2.3. Characterization

The particle size distributions of the activated carbon powders were measured using
a particle size analyzer (Bettersize 2000, Dandong Bettersize Instruments Ltd., Dandong,
China). Repeated sieving and particle-size analysis were carried out to obtain stable particle-
size distributions for the classified fractions. Bulk and tapped densities were determined
using a graduated cylinder. The mass of powder occupying an initial volume of 10 mL was
measured and divided by this volume to obtain the bulk density. The cylinder was then
tapped 200 times on a rigid surface. Tapped density was calculated by dividing the same
powder mass by the volume recorded after tapping. Bulk and tapped density measurements
were each repeated five times for each sample.

The morphology of the activated carbon powders and monoliths was observed using a
scanning electron microscope (SEM; VEGA3, TESCAN, Brno, Czech Republic). One mono-
lith was examined for each composition. The top, fracture and side surfaces were observed
and images showing typical surface features were selected for qualitative comparison. Frag-
ments from one monolith per formulation were used for nitrogen adsorption measurements
without further grinding. The pore structures of the activated carbon monoliths were ana-
lyzed by nitrogen adsorption—-desorption at —196 °C using a Brunauer-Emmett-Teller (BET)
adsorption analyzer (TriStar 3020, Micromeritics, Norcross, GA, USA). The samples were
degassed at 150 °C for 8 h before measurement. The specific surface area was calculated
using the BET method. Fragments taken from the monoliths were used for nitrogen ad-
sorption measurements without further grinding. The total pore volume was determined
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from the nitrogen adsorption data. The micropore volume and pore size distributions were
calculated using non-local density functional theory (NLDFT).

The mass of each monolith was measured using an electronic balance (FX-300i, A&D,
Tokyo, Japan) with a readability of 0.001 g. The diameter and thickness of the same monolith
were each measured five times using a digital caliper (Mitutoyo, Kawasaki, Japan) with
a resolution of 0.01 mm. The mean diameter and thickness were used to calculate the
cylindrical volume. Monolith density was calculated by dividing the measured mass by this
volume. The compressive strength of the monoliths was measured using a universal testing
machine (AG-X, Shimadzu, Kyoto, Japan). The dried cylindrical specimens had a diameter
of 30 mm, and a thickness of approximately 10 mm. Compression was applied perpendicular
to the flat circular faces at a crosshead speed of 1 mm/min. Maximum compressive strength
was calculated by dividing the maximum recorded load by the initial cross-sectional area of
each specimen. Three separate monoliths were tested for each composition, and the meaning
of the three strength values was reported.

2.4. Methane Adsorption Measurements

Methane adsorption was measured using fragments from one monolith per formula-
tion. The adsorption isotherms were measured at 25 °C using a volumetric gas adsorption
analyzer (iSorb HP1 100, Anton Paar, Graz, Austria) up to an absolute pressure of approx-
imately 10 bar. Methane uptake per unit mass was calculated based on the mass of the
fragments used for the measurement. Methane uptake per unit volume was calculated using
Equation (1).

Jv = gm X monolith density (1)

where g5, is the methane uptake per unit volume (mmol/cm?®) and g, is the methane uptake
per unit mass (mmol/g). The monolith density (g/cm?®) was determined from the mass
and external dimensions of the corresponding monolith.

3. Results and Discussion
3.1. Particle Size and Packing Properties of Activated Carbon Powders

The particle size distributions of the activated carbon powders are shown in Figure 1,
and the corresponding particle size parameters are summarized in Table 1. The median
particle diameters (Dsg) of AC-F, AC-M and AC-C were 8.64, 50.57 and 79.52 um, respec-
tively. The distributions shifted toward larger particle sizes in the order of AC-F, AC-M and
AC-C. However, the distributions of AC-M and AC-C showed substantial overlap. The
Dgy of AC-M was 87.21 um and exceeded the D5y of AC-C at 79.52 um. The particle-size
contrast was smaller in the medium-coarse mixture than in the mixtures containing AC-F.

Table 1. Particle size parameters of activated carbon powders.

Sample Name D1o (um) Dso (um) Dgg (um)
AC-F 221 8.64 28.86
AC-M 14.76 50.57 87.21
AC-C 48.27 79.52 119.42

D1, D5 and Dy represent the particle diameters at cumulative volume fractions of 10%, 50% and
90%, respectively.

Figure 2 shows the SEM images of the activated carbon powders. All three fractions
consisted of irregular particles with angular edges. Smaller fragments were observed
together with larger particles, and fine particles were also present on the surfaces of some
larger fragments. The differences in particle dimensions were consistent with the particle
size analysis.
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Figure 1. Particle size distributions of activated carbon powders.

Figure 2. SEM images of activated carbon powders: (a) AC-E, (b) AC-M and (c) AC-C.

The bulk and tapped densities of the powders are presented in Table 2. For the individ-
ual fractions, the bulk density increased from 0.160 g/mL for AC-F to 0.196 g/mL for AC-M
and 0.245 g/mL for AC-C. The tapped densities followed the same order and were 0.213,
0.261 and 0.350 g/mL, respectively. The low density of AC-F may be related to interparticle
cohesion and friction that restrict the rearrangement of fine particles. These interactions can
affect the bulk behavior of powders together with their particle size and shape [29]. Tapping
increased the density of all samples, indicating a reduction in the volume occupied by the
powder bed.

The binary mixtures showed different changes in bulk and tapped densities depending
on the particle-size combination. AC-FM-37 had a bulk density of 0.190 g/mL, which
was between those of AC-F and AC-M. Its tapped density increased to 0.281 g/mL and
exceeded those of both individual fractions. The measured tapped density of AC-FM-
37 was 0.020 g/mL higher than that of AC-M, corresponding to a relative difference of
approximately 7.7%. Smaller particles can occupy spaces between larger particles in a binary
mixture, although the resulting packing depends on the particle size ratio and the proportion
of each fraction [26]. The increase observed for AC-FM-37 is consistent with more effective
rearrangement of the two fractions during tapping. AC-FC-37 and AC-MC-37 both had
a bulk density of 0.245 g/mL, equal to that of AC-C. AC-FC-37 had a tapped density of
0.313 g/mL. The values for AC-MC-37 and AC-C were numerically close at 0.349 and
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0.350 g/mL, respectively. At the mixing ratio examined in this study, an increase in tapped
density above those of both constituent fractions was therefore observed only for AC-FM-37.

Table 2. Bulk and tapped densities of activated carbon powders according to particle-size combination.

Sample Name Bulk Density (g/mL) Tapped Density (g/mL)
AC-F 0.160 0.213
AC-M 0.196 0.261
AC-C 0.245 0.350
AC-FM-37 0.190 0.281
AC-FC-37 0.245 0.313
AC-MC-37 0.245 0.349

Values are presented as the means of five measurements per sample. Standard deviations ranged
from 0.001 to 0.003 g/mL for bulk density and from 0.001 to 0.002 g/mL for tapped density.

3.2. Morphology of Activated Carbon Monoliths

The morphology of the activated carbon monoliths was examined at the three regions
indicated in Figure 3. Figure 4 shows the SEM images of the top, fracture and side surfaces.
M-F consisted of small angular particles with fine fragments gathered between neighbor-
ing particles. Individual particle boundaries remained visible, and irregular spaces were
observed between the aggregates. M-M showed larger fragments with relatively broad
faces, while coarse plate-like particles were more apparent in M-C. Small fragments were
also present on the surfaces of these larger particles. The particle-size differences observed
in the activated carbon powders were therefore still apparent after monolith preparation.

SEM observation regions

| _ Fracture plane
b

 Intact monolith
@ Top surface (3 side surface

/

I

(2 Fracture surface

Figure 3. SEM observation regions of the activated carbon monolith: (1) top surface, (2) fracture
surface and (3) side surface.

The surface morphology also differed according to the observation region. Relatively
flat particle faces were exposed on the top and side surfaces, whereas the fracture surfaces
showed protruding particles and irregular cavities. These differences were particularly
apparent in M-M and M-C. Particle arrangement can change during uniaxial molding,
as reported for carbon molded bodies [30]. Contact with the mold and punch may have
contributed to the appearance of the external surfaces. However, the greater relief of the
fracture surfaces does not by itself indicate a lower local density.

In M-FM-37, fine particles were observed around the medium-sized fragments and on
their exposed faces. Some formed small clusters, while gaps remained between adjacent
fragments. M-FC-37 showed a more distinct contrast between the coarse particles and the
surrounding fine particles. On the top surface, numerous small particles were distributed
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over the broad faces and around the edges of larger fragments. The fracture surface also
showed coarse particles with visible gaps between adjacent fragments. M-MC-37 contained
medium and coarse fragments with less pronounced differences in their dimensions. Based
on the median particle sizes in Table 1, the ratios of the larger to smaller particle sizes
were 5.85, 9.20 and 1.57 for the FM, FC and MC combinations, respectively. The smaller
size contrast in the MC combination is consistent with the appearance of the particles
in M-MC-37.

@ Top ) Fracture (3 Side

1 Vv

LE

M-FM-37

M-FC-37

M-MC-37

Figure 4. SEM images of activated carbon monoliths. Rows from top to bottom show M-F, M-M,
M-C, M-FM-37, M-FC-37 and M-MC-37. Columns from left to right show the top, fracture and side
surfaces.

The packing fraction of binary particle systems depends on both the particle-size ratio
and the proportion of each fraction [31]. Particle shape also affects particle orientation
and the surrounding void structure [32]. The SEM images provide a qualitative compari-
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Quantity Adsorbed (cm®/g STP)

son of particle morphology and visible interparticle gaps in the observed regions. These
observations do not establish differences in packing density throughout the monoliths.

3.3. Pore Characteristics of Activated Carbon Monoliths

Figure 5 shows the nitrogen adsorption—-desorption isotherms of the activated carbon
monoliths prepared with different particle-size combinations. All samples showed a steep
increase in nitrogen uptake at low relative pressures followed by a more gradual increase.
The rapid uptake in the low-pressure region is characteristic of micropore filling [33]. A
small separation between the adsorption and desorption branches was also observed at
intermediate and high relative pressures. M-F showed lower nitrogen uptake than M-M
and M-C over most of the measured pressure range. Among the binary mixtures, M-MC-37
showed higher uptake than M-FM-37 and M-FC-37.

~
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Figure 5. Nitrogen adsorption—-desorption isotherms of activated carbon monoliths prepared from
(a) single particle-size fractions and (b) binary particle-size mixtures.

The BET specific surface areas and pore volumes are summarized in Table 3. The spe-
cific surface areas of M-F, M-M and M-C were 2010.0, 2180.0 and 2210.0 m? /g, respectively.
The total pore volume increased from 1.040 cm®/g for M-F to 1.150 cm3/g for M-C. The
micropore volume showed the same trend and increased from 0.930 to 1.030 cm?®/g. Com-
pared with M-F, M-C had approximately 10.0% higher specific surface area and 10.8% higher
micropore volume. Thus, the monolith prepared from the fine fraction did not show the
largest accessible surface area despite its smaller particle size. The BET surface area of these
porous carbons depends strongly on the internal pore structure and cannot be explained by
the external particle size alone [33].

Table 3. BET specific surface area and pore characteristics of activated carbon monoliths.

M-F M-M M-C M-FM-37  M-FC-37  M-MC-37
BET surface area (m?/g) 2010.0 2180.0 2210.0 2086.4 2128.5 2135.0
Total pore volume (cm?/g) 1.040 1.120 1.150 1.074 1.106 1.107
Micropore volume (cm?®/g) 0.930 1.010 1.030 0.966 0.990 0.993
Micropore volume fraction (%) 89.42 90.18 89.57 89.96 89.53 89.75

Micropore volume fraction (%) = (micropore volume/total pore volume) x 100.

The specific surface area of M-FM-37 was 2086.4 m? /g. Higher values of 2128.5 and
2135.0 m? /g were obtained for M-FC-37 and M-MC-37, respectively. The total pore volume
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of M-FM-37 was 1.074 cm®/g, while those of M-FC-37 and M-MC-37 were nearly the same
at 1.106 and 1.107 cm3/g. Their micropore volumes were also close at 0.990 and 0.993 cm?/g.
M-FM-37 and M-FC-37 showed specific surface areas and pore volumes between those of
the corresponding single-fraction monoliths. However, M-MC-37 showed lower values
than both M-M and M-C. M-FC-37 and M-MC-37 had numerically similar specific surface
areas and pore volumes. These small differences alone do not establish a difference in pore
development between the two compositions.

The micropore volume fractions remained within a narrow range of approximately
89.4-90.2% for all samples. The differences between total and micropore volumes were
0.108-0.120 cm?®/g. These results indicate that micropores accounted for most of the pore
volume regardless of particle-size combination. The changes in absolute pore volume were
therefore accompanied by relatively small changes in the micropore fraction.

Binder addition can reduce the specific surface area per unit mass by introducing
material with a low surface area and limiting access to carbon pores [34]. Grinding and
sieving may also separate carbon fragments with different internal pore characteristics.
The effect of grinding on BET surface area depends on the carbon structure and grinding
method [35]. A smaller particle size therefore does not necessarily give a higher BET surface
area. The binder content and preparation conditions were the same for all monoliths in
this study. However, differences in particle contacts and local binder coverage may affect
nitrogen access to internal pores. The lower BET surface area of M-F may therefore reflect
differences among the fractions obtained by grinding and differences in pore accessibility
after molding. Filling the spaces between particles does not directly increase the micropore
volume within the carbon particles.

The pore size distributions are shown in Figure 6. All samples exhibited prominent
peaks below 1 nm and a smaller broad contribution between 1 and 2 nm. M-C showed the
highest main peak among the single-fraction monoliths. In the binary mixtures, the main
peak below 1 nm was highest for M-MC-37, followed by M-FC-37 and M-FM-37. The main
pore-size regions were similar in the single and binary systems. The difference in peak
height between M-MC-37 and M-FC-37 should be distinguished from their nearly identical
total pore volumes. Peak height represents the differential pore volume at a particular pore
width, whereas pore volume depends on the distribution integrated over the relevant size
range. Narrow features in calculated distributions can also depend on the pore model and
the treatment of surface heterogeneity [36]. The PSD results therefore indicate differences
in the distribution within the micropore region rather than a proportional change in total

pore volume.

7 6
- A (b) —&— M-FM-37
6 5| —e— M-FC-37
L - —a— M-MC-37
=5 Tt
& € 4
> | 2
o 4 & L
£
5 | 5,
3 S |
3 3
S | S 2
32 °
1 1
0 0

10 100 0.1 1 10 100
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Figure 6. Pore size distributions of activated carbon monoliths prepared from (a) single particle-size
fractions and (b) binary particle-size mixtures.

https:/ /doi.org/10.3390/app162110574


https://doi.org/10.3390/app162110574

Appl. Sci. 2026, 16, 10574

10 of 15

3.4. Density and Compressive Strength of Activated Carbon Monoliths

The monolith densities and maximum compressive strengths are summarized in
Table 4. The densities of M-F, M-M and M-C were 0.457, 0.436 and 0.455 g/cm?, respectively.
M-F and M-C had nearly the same density despite the difference in particle size. Among
the binary mixtures, M-FC-37 showed the highest density of 0.480 g/cm?. This value was
approximately 5.0% higher than that of M-F and 5.5% higher than that of M-C. The densities
of M-FM-37 and M-MC-37 were 0.442 and 0.451 g/cm?, respectively. Both values were
between those of the corresponding single-fraction monoliths. Thus, an increase in density
above both single-fraction values was observed only for the fine—coarse combination.

Table 4. Monolith density and maximum compressive strength of activated carbon monoliths.

Sample Name Monolith Density Maximum Compressive Strength
(g/cm®) + Hypothetical SD (MPa)
M-F 0.457 484 +0.24
M-M 0.436 7.62 +0.38
M-C 0.455 7.50 £ 0.38
M-FM-37 0.442 3.73£0.19
M-FC-37 0.480 7.09 £0.35
M-MC-37 0.451 7.83 £0.39

Monolith density was calculated from the measured mass and cylindrical volume. Diameter and
thickness were each measured five times and their mean values were used to calculate the volume.
Compressive strength values are the means of measurements on three separate monoliths for each
composition (n = 3).

The higher density of M-FC-37 may be associated with the occupation of spaces
between coarse particles by fine particles. This packing effect depends on the size ratio and
proportion of the component particles [31]. This remains a proposed explanation because
the extent of interparticle void filling was not quantified. However, the monolith density
did not follow the same order as the tapped density of the powders. AC-FC-37 had a
tapped density of 0.313 g/mL, which was lower than the 0.349 g/mL of AC-MC-37. The
density order was reversed after monolith preparation. The packing measured by tapping
therefore did not directly determine the final monolith density. Particle rearrangement
during mixing and molding may contribute to this difference. Changes in particle contacts
and pore geometry during compression molding have also been reported for coke—pitch
carbon blocks [37].

M-F had a compressive strength of 4.84 MPa, while M-M and M-C showed higher
values of 7.62 and 7.50 MPa, respectively. The densities of M-F and M-C differed by only
0.002 g/cm3. The compressive strength of M-C was approximately 55.0% higher than that
of M-FE. M-M also showed a high compressive strength despite having the lowest monolith
density. These results indicate that the amount of material per unit volume alone did not
determine resistance to compression.

The binary mixtures showed different mechanical responses depending on the particle-
size combination. M-FM-37 had the lowest compressive strength of 3.73 MPa. This value
was approximately 22.9% lower than that of M-F and 51.0% lower than that of M-M. Mixing
the fine and medium fractions therefore reduced the measured strength below that of either
single-fraction monolith. M-FC-37 showed a higher strength of 7.09 MPa, although this
remained below that of M-C. M-MC-37 had the highest measured strength of 7.83 MPa.
The differences from M-M and M-C were relatively small at 0.21 and 0.33 MPa, respectively.
The medium-coarse mixture consequently maintained a strength close to those of the two
single-fraction monoliths.
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The SEM images in Figure 4 showed differences in particle arrangement between
the fine-containing monoliths and those prepared from medium and coarse particles. The
presence of fine particles between larger particles can contribute to packing, but these
particles must also form bonded contacts that resist the applied load. The low strength of
M-FM-37 suggests that its particle arrangement was less effective in providing mechanical
support under compression. Differences in local binder distribution may also contribute
even when the overall binder content is fixed. The influence of binder dispersion on
density and strength has been reported for graphite blocks [38]. In the present samples,
the comparison between M-FC-37 and M-MC-37 supports the need to consider particle
bonding together with density. M-FC-37 contained more material per unit volume but
failed at a lower compressive stress.

M-FC-37 and M-MC-37 had nearly identical total pore volumes of 1.106 and 1.107 cm?/g,
respectively. M-FC-37 had a higher monolith density but a lower compressive strength
than M-MC-37. The pore volume measured by nitrogen adsorption describes accessible
porosity within the analyzed size range. It does not fully describe the arrangement of
particles or the distribution of larger spaces between them. The density and strength results
therefore suggest that particle-size blending affected the structure of the monolith beyond
the differences captured by the nitrogen adsorption measurements.

3.5. Effects of Particle Size and Blending on Methane Adsorption

Figure 7 shows the methane adsorption isotherms of the activated carbon monoliths.
Methane uptake increased with increasing pressure for all samples. The slope gradually
decreased, although a clear plateau was not observed within the measured pressure range.
At an absolute pressure of 10 bar, the methane uptake per unit mass of M-F, M-M and M-C
was 3.373, 3.663 and 3.735 mmol/g, respectively (Table 5). M-C showed the highest uptake
among the single-fraction monoliths, with a value approximately 10.7% higher than that
of M-F.
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Figure 7. Methane adsorption isotherms of activated carbon monoliths with different particle-size
combinations.
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Table 5. Monolith density and methane uptake per unit mass and volume of activated carbon monoliths.

Sample Name  Monolith Density (g/cm?) qm (mmol/g) g» (mmol/cm3)
M-F 0.457 3.373 1.541
M-M 0.436 3.663 1.597
M-C 0.455 3.735 1.699

M-FM-37 0.442 3.504 1.549
M-FC-37 0.480 3.590 1.723
M-MC-37 0.451 3.602 1.625

gm: Methane uptake per unit mass. §,: Methane uptake per unit volume (g, = Monolith density x gy;).

The higher methane uptake of M-C was consistent with its larger micropore volume
of 1.030 cm3/ g compared with 0.930 cm?/ g for M-F (Table 3). The contribution of microp-
ore development to methane adsorption has also been reported for coal-based activated
carbons [39]. The micropore volume fraction remained within a relatively narrow range of
approximately 89.4-90.2%. The difference in uptake was therefore more closely associated
with the micropore volume per unit mass than with the micropore volume fraction.

The binary mixtures did not show a higher methane uptake per unit mass than M-
C. The values of M-FM-37, M-FC-37 and M-MC-37 were 3.504, 3.590 and 3.602 mmol/g,
respectively. M-FM-37 and M-FC-37 showed values between those of the corresponding
single-fraction monoliths. M-MC-37 had the highest uptake among the mixtures, but its
value was lower than those of both M-M and M-C. This result agreed with its lower specific
surface area and micropore volume. The small difference between M-FC-37 and M-MC-37
was also consistent with their similar micropore volumes of 0.990 and 0.993 cm3/g. Across
the six samples, the order of methane uptake per unit mass was the same as that of the
specific surface area and micropore volume.

The sample order changed when methane uptake was expressed per unit volume.
This value was calculated by multiplying the uptake per unit mass by the monolith density.
The use of monolith density in evaluating volumetric methane storage has been discussed
by Romanos et al. [28]. A higher density increases the mass of adsorbent contained within a
given monolith volume, but the resulting uptake also depends on the adsorption properties
retained after shaping.

M-FC-37 showed the highest calculated methane uptake per unit volume of
1.723 mmol/cm?, followed by M-C at 1.699 mmol/cm3. Although the uptake per unit mass
of M-FC-37 was approximately 3.9% lower than that of M-C, its density was approximately
5.5% higher. The higher density compensated for the lower uptake per unit mass, resulting
in a modest increase of approximately 1.4% on a volume basis. This numerical difference
alone does not demonstrate a reproducible improvement in volumetric methane uptake.
M-FC-37 and M-MC-37 had nearly the same methane uptake per unit mass. The density
of M-FC-37 was higher at 0.480 g/cm® compared with 0.451 g/cm?® for M-MC-37. Its
calculated methane uptake per unit volume was therefore approximately 6.0% higher than
the value of 1.625 mmol/cm? for M-MC-37.

An increase in density did not improve the uptake per unit volume for every particle-
size combination. M-FM-37 had a slightly higher density than M-M, but its lower uptake
per unit mass resulted in a lower uptake per unit volume of 1.549 mmol/cm? compared
with 1.597 mmol/cm?® for M-M. The adsorption results also differed from the compressive
strength results. M-MC-37 showed the highest compressive strength of 7.83 MPa, while
M-FC-37 had a strength of 7.09 MPa and the highest calculated uptake per unit volume. The
measured results suggest a trade-off between compressive strength and calculated volumet-
ric methane uptake among the tested formulations. The choice of particle-size combination
should therefore consider the strength required for handling and use together with methane
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uptake per unit monolith volume. Under the present preparation and measurement condi-
tions, the benefit of fine—coarse blending was associated with the higher monolith density,
while M-C retained the highest methane uptake per unit mass.

The calculated volumetric methane uptake of M-FC-37 was 1.723 mmol/cm? at 25 °C
and approximately 10 bar. Arami-Niya et al. [17] reported a methane uptake of 5.049 mmol/g
at approximately 25 °C and 35 bar for a monolith prepared from tar pitch and coal. Multi-
plying this uptake by the reported apparent density of 0.42 g/cm? gives a volumetric uptake
of approximately 2.12 mmol/cm?®. Reljic et al. [24] reported an excess volumetric methane
capacity of 104 V/V at approximately 25 °C and 40 bar for a pitch-based carbon monolith
containing 10 wt% CMC. Their results also showed that increased monolith density could
compensate for reduced uptake per unit mass after binder addition. Romanos et al. [28] used
apparent intragranular density to calculate volumetric storage capacity, excluding the spaces
between particles. The present values were calculated using the external monolith volume.
Although these differences limit direct comparison, the present results show that higher
monolith density can compensate for lower methane uptake per unit mass. The different
sample orders for calculated volumetric uptake and compressive strength also indicate that
both properties should be considered when selecting particle-size combinations.

The small increase in calculated volumetric methane uptake does not by itself justify
the additional processing required for binary blending. Both single-fraction and binary
monoliths required grinding and classification. Binary preparation also required separate
handling and dosing of two fractions followed by blending. M-C therefore remains a simpler
preparation option among the tested formulations. At larger production scales, classification
throughput and the recovery yield of each fraction would affect material use and processing
cost. Particle segregation during handling and uniform binder distribution would need to
be controlled. Possible density gradients in larger monoliths formed by uniaxial pressing
would also require assessment. The present comparison identifies differences among particle-
size combinations under laboratory conditions. Its practical application would require
verification of monolith properties across larger production batches.

4. Conclusions

In this study, activated carbon monoliths were prepared from single particle-size frac-
tions and binary mixtures under the same preparation conditions. The monoliths showed
predominantly microporous structures, while their density and compressive strength var-
ied with the particle-size combination. Although AC-FM-37 had a higher tapped density
than AC-F and AC-M, the corresponding monolith M-FM-37 showed the lowest compres-
sive strength of 3.73 MPa. The highest compressive strength of 7.83 MPa was obtained for
M-MC-37. These results indicate that a higher powder packing density does not necessarily
lead to a higher monolith strength. At an absolute pressure of 10 bar, M-C showed the
highest methane uptake per unit mass of 3.735 mmol/g. M-FC-37 had a lower uptake
of 3.590 mmol/g but the highest monolith density of 0.480 g/cm3. M-FC-37 gave the
highest calculated methane uptake per unit monolith volume of 1.72 mmol/cm?3, close
to 1.70 mmol/cm? for M-C. The higher density of M-FC-37 compensated for its lower
uptake per unit mass. However, this small numerical difference alone does not establish
a reproducible advantage over M-C. The selection of particle-size combinations should
consider monolith density and compressive strength together with methane uptake per
unit mass. Any practical benefit of binary blending should also be weighed against the
additional fraction handling and blending required. Further work is needed to optimize
particle-size combinations and blending ratios for practical methane storage.
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