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In the pursuit of carbon neutrality, marine biomass (MB) has emerged as a promising alternative to traditional carbon sources.

This study endeavors to establish an economically viable pathway to derive porous carbon materials from MB. Simple py-

rolysis of MB resulted in a MB-based carbon (MBC) characterized by a negligible open-pore structure. However, subsequent

water washing transformed it into a porous material. N, adsorption tests revealed that the pyrolysis temperature and washing

method substantially influenced the specific surface area (SSA) and pore volume of the MBC. While the catalytic activation

function of elements inherent in MB, such as Na, Mg, K, Ca, and Cl, rendered MBC inherently porous, these elements also

induced an initial pore-blocking effect that concealed the pores. Subsequent washing with water nearly eradicated Na, K, and

ClI from MBC, making a number of the concealed pores accessible. Furthermore, a CO, aeration washing method effectively

climinated Mg and Ca elements from MBC, resulting in a substantial increase in SSA (>1000 m*/g) without the need for ad-

ditional activation processes. Based on an understanding of the dual role of the elements naturally present in MB, this study

demonstrates a potential strategy for environmentally friendly and cost-effective porous carbon production.

KEYWORDS : Marine biomass, Porous carbon, Porosity, Dual role, Mineral

1. Introduction

Activated carbon (AC), a representative porous carbon material,
stands as a well-established industrial product with extensive appli-
cation prospects in various fields, including catalysis [1-3], adsorp-
tion [4-6], and environmental remediation [7, 8]. This popularity is
attributed to its highly developed porous structure, stemming from
the raw material/precursor and activation process [9]. To broaden
and enhance the performance of porous carbon materials, substantial
research efforts have been dedicated to choosing and designing raw
materials/precursors and preparation processes. The goal is to obtain
carbon materials with diverse porous structures, catering to different
application scenarios.

Carbon materials with extensive pore structures are typically de-
rived from specific raw materials or intricate synthesis processes. For

instance, hierarchical porous structures are achieved from organic

precursors or charcoal through physical or chemical activation [10].
Mesoporous AC, prepared by the chemical activation of charcoal,
has found application in high-strength lithium battery electrodes [11].
However, this approach is not always sustainable due to the inef-
ficient source of its precursor and/or the accompanying large amount
of CO, emissions during the pyrolysis and activation process [12].
Furthermore, although chemical activation can afford a high degree
of pore development, the requirement of acid-washing post-treatment
increases production costs and pollutes wastewater. On the other
hand, we have proposed a simple preparation method for AC with
highly developed porosity through pressurized physical activation
using CO, as an activating gas [13]. We have demonstrated the high
performance of the derived AC as an adsorbent in an adsorption heat
pump system [14]. Unlike chemical activations, this method is free
from the problem of polluted wastewater; however, the activation

process itself, coupled with the need for pressure-tight equipment,
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may increase production costs. Apart from activation methods, tem-
plate methods have been reported to obtain porous carbon materials
with well-regulated pore structures. The hard template method uses
fluid organic matter as a raw material to prepare mesoporous carbon
[15, 16]. In contrast, the soft template method uses organic mono-
mers to produce microporous carbon spheres [17-19]. Some raw ma-
terials are costly in these cases, and the synthesis process is typically
complex, toxic, expensive, time-consuming, and energy-consuming.
In the context of CO; reduction in the industrial sector, the develop-
ment of alternative environmentally friendly strategies is urgently re-
quired to obtain mature porous carbon-based industrial products from
sustainable raw materials.

Marine biomass (MB) showcases distinctive characteristics among
current raw materials owing to its ultrahigh photosynthetic efficiency
compared to terrestrial biomass [20, 21]. Consequently, it can result
in a heightened CO, absorption rate and increased organic matter
production, thereby advancing the realization of carbon neutrality
objectives in the porous carbon industry. Simultaneously, the easily
extractable and non-soil-damaging attributes of MB make it suitable
for extensive promotion. Capitalizing on these advantages, MB has
garnered substantial global research attention as a potential substitute
for traditional raw materials in porous carbon productions [22, 23].
For instance, Boubakri e al. have crafted a porous carbon through
activation in an alkaline medium, utilizing MB as a raw material,
showcasing a microstructure characterized by hollow spheres [24].
The outcomes in heavy metal adsorption were remarkable. In electro-
chemical applications, highly ordered microporous/macroporous AC
has been fabricated using marine algae as raw material through slow
pyrolysis and nitric acid activation techniques and subsequently ap-
plied to supercapacitors [25]. Nonetheless, ongoing research on MB-
derived porous carbon production remains confined to expensive acti-
vation methods tailored for specific MB species, limiting widespread
industrial applications. Hence, the central challenge lies in devising
cost-effective and low environmental burden strategies to regulate the

porosity of MB-based carbon (MBC) for versatile adaptation across
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various industrial applications [26, 27].

In this study, we found that low-temperature carbonized MB in-
herently possesses porosity. However, mineral crystals, including
alkaline and alkaline earth metals and chlorine, impede access to de-
veloped pores. Utilizing a simple water-washing method and a unique
CO, aeration technique, proven more effective than pure water
washing [28], removes these minerals. This reveals intrinsic pores,
yielding porous MBC with a specific surface area (SSA) higher than

1000 m*/g without additional activation processes.
2. Experimental

2.1 Preparation of MB-based carbon (MBC) and porous
MBC

This study employed two seaweed types, Luminaria (Kombu, KB)
and Undaria pinnatifida (Wakame, WKM), sourced from Japan’s
coastal regions. NIPPON STEEL CORPORATION provided MB
samples. To prepare the samples, MB samples underwent initial dry-
ing at 90 °C and subsequent pulverization to a size below 250 um
(abbreviated as Raw-WKM and Raw-KB). Elemental composition
analysis (CHN-Coder; MT-5, Yanako, Kyoto, Japan) revealed the
basic element characteristics: For Raw-WKM, carbon: 31.6 mass%,
hydrogen: 5.3 mass%, nitrogen: 1.9 mass%, and ash: 8.7 mass%. For
Raw-KB: carbon: 31.6 mass%, hydrogen: 5.4 mass%, nitrogen: 1.5
mass%, and ash: 8.7 mass%. Carbonized samples were derived from
each MB powder through pyrolysis under an N, atmosphere for 2 h
at temperatures ranging from 600 °C to 1000 °C. The resulting MBC
products are denoted as WKMx and KBx, with x=600, 800, 850,
900, 950, or 1000, representing the respective pyrolysis temperatures
(in °C).

Fig. 1 illustrates the preparation and impurity removal process
for both WKMx and KBx. To eliminate impurities using the water-
washing method, 0.5 g of WKMx or KBx was dispersed in deion-
ized water (500 mL), stirred for 2 h, filtered, and dried at 90 °C. The
resulting specimens were labeled as WKMx-WT and KBx-WT, re-

spectively. Conversely, if CO, gas was introduced during the stirring

WKMx-CO,

0O, Aeration
washing

[ Carbonized Sample

[ Wakame ][ Konbu ]
(Raw-WKM) | (Raw-KB)

[ Pyrolysis under N, ]
Temp.: 600°C, 800°C, 850°C,
900°C, 950°C, 1000°C
Time: 2 h

| WKM-derived (WKMx)
KB-derived (KBx)

X: Pyrolysis Temp.

Water washing

Dried

Fig. 1 Preparation and impurity removal from MB-based carbons.
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process at a gas flow rate of 100 mL/min, that is, in the case of the
CO, aeration washing method, the obtained samples were denoted as
WKMx-CO; and KBx-COs,, respectively.
2.2 Characterization of MBC and porous MBC

Specific surface morphology was observed through scanning elec-
tron microscopy (SEM; JSM-6700F; JEOL, Japan) equipped with
an energy-dispersive spectrometer (EDS; Smartedx, Oxford Instru-
ments, UK) for mapping within the scanning area. The pyrolysis
process of raw and carbonized MB samples was characterized using
thermogravimetric analysis (TGA; STA2500 Regulus, NETZSCH,
Germany). Elemental compositions were examined via X-ray fluo-
rescence spectrometry (XRF; ZSX Primus [V/RX9, Rigaku, Japan).
N, adsorption and desorption isotherms were measured at 77 K using
a volumetric physisorption apparatus (Nova 2000E; Anton Paar
Quantachrome Instruments, USA). SSA was calculated using the
os-plot method based on the N, adsorption data [29, 30]. The pore
size distribution (PSD) and pore volume were determined using the
non-local density functional theory (NLDFT) assuming a slit-shaped
pore [31].

3. Results and Discussion

3.1 Preliminary examination of intrinsic porosity of MBC
using WKM600 and WKM600-WT

The study commences with a preliminary examination utilizing
low-temperature carbonized MB (WKM600) and the correspond-
ing water-washed MBC (WKM600-WT) as test samples. Fig. 2
illustrates the N, adsorption and desorption isotherms at 77 K for
WKM600 and WKM600-WT. The adsorption curve for the carbon-
ized sample, WKM600, appeared nearly as a parallel line with neg-
ligible adsorption capacity, implying the absence of a pore structure.
However, after the water-washing process, WKM600-WT exhibited
a notable N, adsorption capacity, highlighting that MBC inherently
possesses a pore structure. In other words, water washing facilitated
the transition of latent pores into open pores, suggesting a possibility
of pore-blocking by water-soluble substances in MBC.

Previous studies have indicate that MB can attain a satisfac-
tory pore structure through high-temperature pyrolysis. However, the
water-washed MB precursor loses this pore-formation ability during
subsequent pyrolysis [24]. This observation strongly implies that
water-soluble substances within MB contribute to pore formation.
Nevertheless, the precise mechanisms governing pore formation and
the newly identified pore-blocking effect in WKM600 have not been
elucidated.

3.2 Pore structure analysis of the MBC

If achieving exceptional porous characteristics in MBC through
simple pyrolysis proves feasible, it could enhance its potential as an
industrial porous carbon material with a reduced environmental foot-

print. Therefore, this study now undertakes systematic investigations
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Fig. 2 N, adsorption and desorption isotherms at 77 K of low-tem-
perature (600 °C) carbonized WKM before and after water
washing. Inset: NLDFT pore size distribution.

based on the preliminary examination’s findings, particularly empha-
sizing pyrolysis (carbonization) temperature and washing methods.
The primary objective of this study revolves around exploring the
inherent porous structures and understanding the mechanisms gov-
erning both pore formation and pore-blocking within MBC.

In Figs. 3 and S1 in the Supporting Information, N, adsorption and
desorption isotherms at 77 K are presented for MBC obtained at vari-
ous carbonization temperatures ranging from 800 °C to 1000 °C and
the corresponding washed MBC samples. The adsorption capacity
of WKMS800 was notably constrained, indicating a deficiency in its
porous characteristics. However, the other samples exhibited typical
characteristics of a Type I isotherm with a Type H4 hysteresis loop
in the IUPAC classification [30]. Type I isotherms are commonly ob-
served in microporous materials like molecular sieves and micropo-
rous carbon materials. They manifest as a rapid increase in adsorption
capacity at low relative pressure (P/P,), reaching saturation above a
certain P/P,. Furthermore, the Type H4 hysteresis loop observed at
P/Py=0.45-0.90 indicated the presence of mesopores.

Irrespective of the carbonization temperature and the raw MB spe-
cies, the saturated N, adsorption capacity showed the lowest value in
the carbonized samples, followed by the water-washed samples and
then the CO,-aeration-washed samples. To illustrate changes in pore
structure clearly, the as-plot method was employed to calculate SSA.
The blue curve in Fig. 3(f) demonstrates that the carbonized MB
samples (WKMx) increased SSA as the carbonization temperature
rose. This indicates the creation of pore structures through pyrolysis
and/or the partial removal of pore-blocking effects by high tempera-
tures. After water washing, the overall increase in SSA indicates an
unveiling of intrinsic pores of MBC through the removal of water-
soluble pore-blocking substances (red curve in Fig. 3(f)), as detailed
in the previous section. However, with increased carbonization

temperature, the SSA of WKMx-WT did not consistently increase,
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all WKM-derived samples.

indicating that excessive temperature may cause the existing pore
structure to shrink or collapse. After CO, aeration washing, the SSA
values of any WKMx-CO, sample further increased (green curve in
Fig. 3(f)), indicating that although water washing can unveil a portion
of the intrinsic pores of MBC, CO, aeration washing can more deeply
release the pore structure. Similar to the case of WKMx-WT, as the
carbonization temperature increased, the SSA of WKMx-CO, did not
always increase but reached its peak at around 900 °C, indicating the
presence of the optimum carbonization temperature to obtain the po-
rous MBC sample with the maximum SSA value.

Comparable observations were noted in carbonized samples utiliz-
ing KB as the raw material (see Fig. S1 in the Supporting Informa-
tion). The COs-aeration-washed samples exhibited the highest SSA,

succeeded by the water-washed samples and then the carbonized
samples. In the case of KBx-CO,, the highest SSA was likewise
achieved within the carbonization temperature range of 850-950 °C.
The calculated results for SSA and total pore volume (Vior) are
presented in Table 1. A consistent trend in Vo values mirrored that
of SSA: carbonized samples exhibited the lowest values, followed
by water-washed and CO,-aeration-washed samples. For instance,
the total pore volume of carbonized WKM samples was 0.31 cm’/g
at most. In contrast, water washing resulted in a total pore volume
of 0.41 cm’/g, while CO, aeration washing increased the total pore
volume to a maximum of 0.54 cm3/g. Although WKM1000 displayed
the highest Vi and SSA values, the carbonization temperature at

900-950 °C yielded the highest values for water-washed or CO,-aera-
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Table 1 Pore structural parameters estimated from N, adsorption isotherms at 77 K of WKM-derived samples.

Samples Ssotat [M/g] Susinter [m7g] Vit [cm’*/g] © Vinicro [cm*/g] ¢ Vinicro/ Vowat [%] ¢
WKMS800 48 45 0.04 0.02 50
WKMS850 330 322 0.14 0.10 71
WKM900 436 425 0.19 0.13 68
WKM950 633 621 0.26 0.18 69
WKM1000 657 636 0.31 0.19 61
WKMS800-WT 536 514 0.24 0.15 62
WKMS850-WT 949 929 0.39 0.26 67
WKM900-WT 958 937 0.39 0.27 69
WKM950-WT 922 898 0.41 0.25 61
WKM1000-WT 792 769 0.36 0.23 64
WKM800-CO, 1014 996 0.39 0.28 72
WKMS850-CO, 1177 1145 0.53 0.32 60
WKM900-CO, 1198 1172 0.53 0.34 64
WKM950-CO, 1189 1157 0.54 0.32 59
WKM1000-CO, 980 957 0.42 0.29 69

“ Sus.oat: Total specific surface area obtained using the as-plot method.

Sesinter: Internal specific surface area calculated from the equation, Susinter=Sus total —Sus.exter,» Where the external SSA (Sgsexter) Was determined by the as-plot

method.

¢ Viowr: Total pore volume obtained using the NLDFT method.
4 Vmicro: Micropore volume obtained using the NLDFT method.
¢ Vicro/ Viotat: Micropore volume ratio.

tion-washed samples. This observation indicates that 900-950 °C was
optimal for introducing intrinsic pores through pyrolysis. The same
conclusion held true for carbonized samples using KB as a precursor
(see Table S1 in the Supporting Information).

Concerning pore volume proportion, MBC was primarily mi-
croporous, predominantly featuring micropores smaller than 2 nm.
The average micropore volume ratio (Vmicro/Viotal) €xceeded 60%,
with a maximum of 72% dedicated to micropores. The zenith of
microporous pore volume (Vmicro) Was observed for WKM900-CO,,
reaching 0.34 cm3/g, where the maximum internal SSA (Susinter) Of
1172 mz/g was also observed. Similarly, KB also falls within the do-
main of microporous materials; for example, KB850-CO, exhibited
Viniero/ Vietr=72% with the highest Viiero of 0.31 cm®/g and Sgsiner Of
848 mz/g. It is conjectured that although both WKM and KB are cat-
egorized as algae, slight disparities in micromorphology or elemental
composition would lead to nuanced distinctions in the optimal car-
bonization temperature for maximizing the porosity of the derived
MBC.

Figs. 4 and S2 in the Supporting Information depict the PSD
curves of carbonized WKM and KB samples, respectively. The vis-
ibility of micropores and mesopores in MBC increased by post-water
washing and CO, aeration, elucidating their development during
MB carbonization. Initially, N, molecule access to these pores was
hindered by water-soluble obstacles, which were removed through
washing processes. A conspicuous peak in the range of approximately
1.1-1.4 nm, accompanied by a relatively subdued peak at 1.9-2.0 nm,
signified the presence of micropores. Additionally, a well-defined
peak at 3.8-3.9 nm indicates the existence of mesopores. The hierar-
chical porous structure of MBC positions it as a promising candidate

for diverse industrial applications. Micropores offer active sites for

catalysis, electrochemical storage, and other reactions, while meso-
pores facilitate multiphase flux transfer processes. This distinctive
porosity enhances the material’s utility across various industrial ap-
plications.

Derived from the comprehensive pore structure data, it is reason-
able to infer that surface etching reactions conducive to pore forma-
tion took place during the carbonization of MB. The intensity of
these reactions was contingent upon the carbonization temperature.
Additionally, it became apparent that unidentified water-soluble
substances introduced pore-blocking effects, which can be mitigated
through washing methods, unveiling the inherent porous structure of
MBC. Subsequent investigations were undertaken into the mecha-
nisms governing pore formation and revelation through XRF, TGA,
and SEM-EDS characterizations.

3.3 Investigating mechanisms of intrinsic pore development
and unveiling in MBCs

TGA proves valuable in exploring the thermal degradation char-
acteristics of raw materials and the pyrolysis products. Raw-WKM
and Raw-KB exhibited substantial mass loss below 400 °C due to
the thermal decomposition of MB tissues, including alginic acid (see
Fig. S3 in the Supporting Information). MBC did not display such
mass loss. Except for WKM1000, KB950, and KB1000, however,
all other samples demonstrated noticeable mass loss at higher tem-
peratures, particularly above 800 °C. The high-temperature mass loss
diminished progressively with increasing carbonization temperature,
culminating in almost no mass loss for the WKM1000, KB950, and
KB1000 samples. This implies that vaporizable impurities in WKM
fully evaporated between 950 °C and 1000 °C, while for KB, this oc-
curred between 900 °C and 950 °C.

For a comprehensive understanding of the impurities evaporated

22 D. He et al.. Carbon Reports 3 (2024) 18-28.
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during the carbonization process, XRF elemental analysis plays a piv-
otal role. This analysis offers quantitative insights into material com-
position, elucidating elemental changes based on carbonization tem-
perature. As outlined in Table 2, carbonized WKM samples displayed
substantial hetero-clements, primarily comprising Na, Mg, K, Ca
(alkali and alkaline earth metals (AAEMSs)), and Cl. These hetero-el-
ements are intrinsic to raw WKM (see Table 2). With an escalation in
carbonization temperature, the Na and Cl contents of WKM-derived
MBC gradually decreased, while the K content remained relatively
stable up to 950 °C. At 1000 °C (WKM1000), the Na and CI contents
remarkably reduced to 0.4 mass% and 1.0 mass%, respectively, from
8.7 mass% and 6.1 mass% of WKMS800. The K content also slightly
decreased to 1.4 mass% from 2.0 mass% of WKMS800. Unlike Na, K,

and Cl, Mg and Ca exhibited an increasing trend at higher carboniza-

tion temperatures, as the elemental compositions are relative values;
decreases in other elements’ contents induced a noticeable rise in Mg
and Ca contents. Similar patterns were observed in the KB samples,
with detailed data in Table S2 of the Supporting Information. The
XRF results indicate that the observed mass loss above 800 °C in the
TGA results was attributed to the gasification of Na, K, and CI spe-
cies.

The elemental changes should correspond to the development of
the intrinsic porous structure of MBC. Potassium compounds are
recognized as effective activation agents for carbon materials used
in preparing highly microporous AC [32]. Inherent K species in MB
play a crucial role in creating micropores in MBC. Conversely, sub-
stances like NaCl and CaCl, likely assist K species in mesopore for-

mation [33, 34]. Gasification of these elements at 850-950 °C causes

D. He et al., Carbon Reports 3 (2024) 18-28. 23
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Table 2 XRF elemental compositions (mass%) of raw MB, MBC, and treated MBC samples derived from WKM.

Other elements

Sample CHNO

Na Mg K Ca P S Cl
Raw-WKM 84.5 5.4 1.2 1.3 1.5 0.2 0.7 5.0
WKMS800 77.2 8.7 2.1 2.0 2.5 0.3 1.1 6.1
WKMS850 76.1 8.3 2.4 2.1 29 0.3 1.2 6.7
WKM900 80.0 6.6 2.4 1.7 2.8 0.3 1.0 52
WKM950 80.2 4.6 33 2.0 39 0.5 1.5 4.0
WKM1000 87.6 0.4 35 1.4 4.1 0.5 1.5 1.0
WKM800-WT 90.6 — 4.1 0.1 3.1 0.6 1.3 0.2
WKMS850-WT 90.5 0.1 4.0 0.1 3.7 0.5 1.0 0.1
WKM900-WT 90.3 0.1 39 0.1 33 0.6 1.3 0.1
WKMI50WT 90.2 — 43 — 3.7 0.7 1.1 —
WKM1000-WT 91.2 — 4.1 — 3.1 0.4 1.2 —
WKMS800-CO, 94.7 — 2.0 — 1.7 0.3 1.2 —
WKM850-CO, 95.5 — 1.0 — 1.3 0.5 1.7 —
WKM900-CO, 94.2 — 1.5 — 1.7 0.6 2.0 —
WKM950-CO, 95.5 — 1.1 — 1.3 0.5 1.6 —
WKM1000-CO, 95.4 — 1.4 — 1.2 0.2 1.8 —
—: Undetected.

continuous etching reactions with the carbon surface, resulting in nu-
merous pore structures [35-37]. These impurity species in MB serve
a dual role: acting as a self-holding activation agent to introduce the
intrinsic porous structure in MBC and hypothesized to induce a pore-
blocking effect. Carbonization at 1000 °C is believed to cause partial
evaporation of such pore-blocking species. This is evident in the de-
creased Na, K, and CI contents of WKM1000 and KB1000 (Tables 2
and S2 in the Supporting Information). Consequently, intrinsic latent
pores are partially alleviated, as seen in increased pore structural pa-
rameters (Tables 1 and S1 in the Supporting Information).

Post-washing treatments of MBC validated the hypothesis. A
straightforward pure water-washing method was initially employed
to eliminate these minerals. After water washing, the contents of Na,
K, and CI became negligible (Table 2), accompanied by a notable
increase in porosity (Table 1) for all WKM samples (WKMx-WT).
Similar outcomes were observed for KB-derived samples (see
Tables S1 and S2 in the Supporting Information). Conversely, the
average contents of Mg and Ca in the WKMx-WT samples remained
at 4.0 mass% and 3.5 mass%, respectively, with a minimal decrease
after water washing. Correspondingly, the residual contents of Mg
and Ca in the KB-derived carbons post-water washing (KBx-WT)
were also substantial, at 3.9 mass% for Mg and 3.1 mass% for Ca
(Table S2 in the Supporting Information). These findings indicate
that Na, K, and Cl species are water-soluble and can be effectively
removed by pure water washing, while Mg and Ca species cannot be
eliminated through this method.

Hence, the CO, aeration washing method, known for its efficacy
in removing Mg and Ca compounds from MBC [28], was employed
as an alternative to eliminate the remaining minerals. The higher re-
moval efficacy of Mg and Ca compounds by the CO, aeration wash-
ing method, compared to the pure water-washing method, can be at-

tributed to chemical conversions from lower solubility salts (such as
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hydroxides and carbonates) to higher solubility hydrogen carbonates
in the presence of excess dissolved CO, [28]. Following CO,-aerated
washing, Mg and Ca contents decreased to an average of 1.4 mass%
and 1.5 mass% for carbonized WKM samples (Table 2, WKMx-CO,)
and 1.6 mass% and 1.4 mass% for carbonized KB samples (Table S2
in the Supporting Information, KBx-CO,), respectively, signifying
substantial improvements. Notably, this process stands out for its
simplicity, cost-effectiveness, and environmental friendliness, as
it avoids additional chemical emissions. Deep cleaning with CO,-
aerated water further eliminated the pore-blocking effect, revealing
more hidden intrinsic pores of MBC (Tables 1 and S1). Overall, XRF
analysis confirms that the water washing and CO, aeration washing
methods effectively removed pore-blocking minerals from MBC, en-
hancing the quality and purity of the final MB-derived porous carbon
products.

SEM-EDS analysis was conducted on MBC before and after
washing treatments to further confirm the removal of pore-blocking
species. Fig. 5(a) and (d) reveal granular substances such as crystals
on the surface of MBC. Following water washing, most of these
particles were eliminated, exposing the porous surface of MBC
(Fig. 5(b) and (e)). In contrast, CO, aeration washing resulted in the
near absence of mineral particles on the surface, revealing the three-
dimensional (3D) honeycomb structure of WKM and the multilayer
structure of KB clearly (Fig. 5(c) and (f)).

Coupled energy-dispersive X-ray spectroscopy (EDS) unveiled
that the elements constituting the surface particles of unwashed MBC
samples were Na, Mg, K, Ca, and Cl (Table 3 and Fig. S4 in the Sup-
porting Information). Only 48.2 mass% and 51.2 mass% of carbon
were detected at the surface of WKM900 and KB900, respectively.
Substantial reductions in Na, K, and CI contents at the surface were
observed after water washing. More carbon elements were exposed

within the EDS scanning range, reaching 90.0 mass% for WKM900-
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Fig. 5 SEM images of (a) WKM900, (b) WKM900-WT, (c) WKM900-CO,, (d) KB900, (e) KB900-WT, and (f) KB900-CO,. Insets: High-
magnification images.

s
Y
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Table 3 EDS elemental compositions (mass%) of MBC samples before and after washing treatments.

Other elements

Sample C

Na Mg K Ca Cl
WKM900 48.2 16.9 1.8 8.1 6.4 18.4
WKM900-WT 90.0 0.2 5.9 0.2 33 0.3
WKM900-CO, 98.5 0.0 0.2 0.1 0.9 0.2
KB900 51.2 15.4 2.6 6.8 9.0 14.9
KB900-WT 86.7 0.2 7.7 0.3 4.9 0.2
KB900-CO, 94.8 0.1 1.9 0.1 2.7 0.4

WT and 86.7 mass% for KB900-WT. A substantial amount of Mg
and Ca remained on the surface. Utilizing the CO, aeration washing
method eliminated most of the Mg and Ca from the surface, result-
ing in a high carbon content of 98.5 mass% for WKM900-CO, and
94.8% for KB900-CO,. The EDS results aligned with the XRF re-
sults, signifying the effective removal of pore-blocking mineral spe-
cies from the outer surface and the inner part of the MBC particles.

The internal morphology of MBC was examined via SEM from an
interstice. WKMS800-WT and KB800-WT were chosen as representa-
tive samples for SEM analysis, allowing for clear observation due to
water washing. WKM800-WT exhibited an internal structure resem-
bling a 3D honeycomb pattern (Fig. S5(a) in the Supporting Informa-
tion). Upon closer examination of the high-magnification diagram,
the wall thickness of the honeycomb structure was approximately
10-50 nm (Fig. S5(a’) in the Supporting Information). The 3D hon-
eycomb structure could offer ample spatial support for the pores on
the carbon surface, enhancing its adsorption capacity [38, 39]. The
honeycomb configuration is also expected to confer high compressive
strength to the carbon block, ensuring stability in applications such as
adsorbents [40] and electrode materials [41].

Fig. S5(b) and (b’) in the Supporting Information depict SEM im-
ages of the inner part of KB800-WT, revealing its composition of

D. He et al., Carbon Reports 3 (2024) 18-28.

multiple layers of carbon sheets, each with a thickness of approxi-
mately 5-20 nm. This multilayer structure also provides valuable
spatial support for the pores on the carbon surface. Additionally,
channels between the layers facilitate high-speed flux, suggesting
the potential of KB-derived porous carbons for applications in het-
erogeneous catalysis or ion adsorption [42]. These distinctive mor-
phological characteristics broaden the scope of potential applications
for porous MBCs. However, it is essential to note that these unique
characteristics may serve as prerequisites for endowing MBCs with
abundant pore structures.

Combining results from various analytical techniques, Fig. 6 de-
picts a possible mechanism illustrating the porosity changes in MBC
through mineral removal. SEM and EDS analyses exposed mineral
crystals covering the surface of carbonized WKM and KB samples,
resulting in relatively low porosity. Water washing substantially re-
moved minerals from outer and inner surfaces, corroborated by XRF,
SEM, and EDS findings. This removal unveils a portion of the hidden
intrinsic pore structure, leading to substantial increases in SSA and
pore volume. The CO, aeration washing method further removed sur-
face minerals, achieving an SSA higher than 1000 mz/g without the
usage of extraneous activating agents. These observations establish a

direct correlation between elemental composition and pore structure.
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Fig. 6 Mechanism of hierarchical pore release in MBC.

Pore structure formation is attributed to catalytic activation reactions
during pyrolysis by minerals containing AAEMs and Cl naturally
present in MB. However, these mineral crystals cover the surface
and obstruct the pores of carbonized MB samples, impeding the re-
lease of pore structures and resulting in lower porosity. The washing
techniques in this study effectively released a substantial number of
minerals, unveiling the underlying pore structure. While these min-
eral elements contributed to the pore-blocking effect, their catalytic
role during pyrolysis was also pivotal for pore structure formation
in MBC. This dual role contributed to positive outcomes in terms of
MBC porosity. Ultimately, this study establishes an environmentally

benign production process for porous carbon materials.
4. Conclusion

MB possesses a unique and highly efficient natural photosynthetic
CO, fixation capability, surpassing other biomasses. MB-derived car-
bon (MBC) initially appears nonporous post-carbonization, but water
washing unveils a concealed microporous and mesoporous structure.
XRF, SEM, and EDS analyses validate that water washing nearly
climinates Na, K, and Cl elements. CO; aeration washing further aids
in removing Mg and Ca, resulting in a substantial increase in C ele-
ment content to 95%, thereby elevating the quality and purity of the
final MBC product. The removal of these species induces a notable
increase in SSA and pore volume, signifying the pore-blocking ef-
fect of these species. Simultaneously, these species contribute to the
development of intrinsic pores in MBCs without the addition of ex-
traneous activation agents. Maximizing the dual role of innate species
in MB allows for the production of porous MBC. Furthermore, the

CO, aeration washing method, emitting zero chemical pollutants, can

utilize CO, emitted from industries, thereby promoting the develop-
ment of the carbon capture industry. Coupled with MB’s CO, fixation
characteristic during its growing period, this proposed strategy high-
lights the potential of MBC in the environmentally friendly porous
carbon industry. Optimization of carbonization and elements removal
processes is challenges for the future to produce higly porous MBC
with distinctive pore structure from MB species with diverse charac-

teristics of elemental composition and micromorphology.
Supporting Information Available

Fig. S1. N, adsorption and desorption isotherms at 77 K for KBx,
KBx-WT and KB-CO, at varied carbonization temperatures
and comparative analysis of internal SSA using the as-plot
method for all KB-derived samples.

Fig. S2. PSD of KBx, KBx-WT and KB-CO, prepared at various
carbonization temperatures.

Fig. S3. TGA curves in N, of Raw-WKM, WKMx, Raw-KB, and
KBx samples.

Fig. S4. SEM images in EDS scanning range and EDS spectra of
WKM900, WKM900-WT, WKM900-CO,, KB900, KB900-
WT, and KB900-CO,.

Fig. S5. Morphological and structural characterization of MBC:
SEM images of WKM800-WT and KB800-WT at low and
high magnifications.

Table S1. Pore structural parameters estimated from N, adsorption

isotherms at 77 K of KB-derived samples.

Table S2. XRF elemental compositions (mass%) of carbonized samples

of KB.
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