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In this study, a highly efficient, sustainable, and low-cost solid CO, adsorbent was developed
using algal bloom waste from Sargassum, achieving the dual goals of carbon capture and
waste valorization. To overcome the limitations of a low specific surface area and the
unfavorable surface chemistry of Sargassum-derived biochar, the study investigated the
effects of pyrolysis temperature (400, 500, 600, and 700 °C) and KOH modification on the
biochar's properties and CO, capture performance. The biochar was characterized in detail to
determine its physicochemical properties and CO, capture capacities. The results
demonstrated that the highest CO, capture capacity (120.5 mg/g, 313 K) was achieved by the
sample modified with KOH prior to pyrolysis at 400 °C (Sar-KOH), which retained 98.9% of its
initial capacity after nine regeneration cycles. The high performance is attributed to a
synergistic effect: KOH activation created a developed microporous structure conducive to
physisorption, while the moderate pyrolysis temperature preserved a high density of surface
hydroxyl groups, enhancing adsorption via hydrogen bonding with CO, molecules. This
study elucidates the critical roles of the pyrolysis temperature and KOH activation sequence
in tailoring the pore structure and surface chemistry of algal biochar, paving the way for the
rational design of high-performance adsorbents for CO, capture applications.

Carbon capture, Biochar, Pyrolysis temperature, Hydroxyl group, Adsorption mechanism

+ The porous Sargassum biochar Sar-KOH exhibits a high CO, capture capacity.

+ Sar-KOH possesses the highest abundance of micropores and hydroxyl groups.
+ The developed micropore structure facilitates the physisorption of CO..

+ The hydroxyl groups enhance adsorption by interacting with CO,.

* Correspondence: Lina Liu (liuln@nankai.edu.cn)

Full list of author information is available at the end of the article.
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The Intergovernmental Panel on Climate Change (IPCC) underscores
that limiting the increase in global average temperature to less than
1.5 °C above preindustrial levels is crucial to preventing a climate
catastrophel'l. Aligned with this goal, the Paris Agreement has set a
target of achieving net zero CO, emissions by 20501, However, the
persistent and dominant reliance on fossil fuels continues to drive
excessive CO, emissions, presenting a major challenge to these climate
objectives®¥. Therefore, investigation of decarbonizing existing
industrial processes is ongoing; however, for hard-to-abate sectors,
CO, capture remains essential to achieving net zero targets.

In recent years, solid adsorbents for CO, capture, including
zeolites, boron nitride>®], porous organic polymers”], MXene-
based materialst®], metal-organic frameworks[®], covalent organic
frameworks!'?, and porous carbon materialsl'", have attracted
increasing attention because of their high efficiency, favorable
kinetics, and relatively low regeneration energy. Among them,
porous biochar, a solid product derived from the thermochemical
conversion of biomass!'2-1%], has emerged as a promising candidate
because of its low cost, environmental friendliness with net nega-
tive greenhouse gas emissions during production (around —0.9 kg
CO, equivalent per kg), high specific surface area, and abundant
surface functional groups('®'7l, Although current research has
largely focused on terrestrial biomass wastes (e.g., agricultural
residues, sewage sludge, livestock manure)l'318-211 their use
competes directly with the bioenergy industry for the same renew-
able feedstocks. Marine biomass wastes, particularly algae and
seaweed residues, offer a promising alternative because of their
high abundance, superior productivity, and minimal competition
with arable land[?2, Moreover, the increasing frequency of harmful
macroalgal blooms worldwide generates vast amounts of biomass
that could be valorized into high-value products, addressing both
environmental and resource challenges!23.24,

Despite this potential, algae-derived biochars (ABCs) exhibit lower
CO, adsorption capacity and selectivity compared with advanced
porous carbon materials. This performance gap necessitates the
development of strategies to precisely tailor the pore structure and
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surface chemistry of ABCs, which are critical for enhanced CO,
adsorption performance. Chemical activation, particularly with
agents like KOH and NaOH, is recognized as an effective approach
to address both the pore structure and surface chemistry
simultaneously?>. The activation mechanism in KOH-modified
biochar involves etching the carbon matrix with potassium-
containing species (e.g., K,0, K,CO;) formed during pyrolysisl2¢l, This
process not only widens the existing pores but also creates new
pores, significantly developing the porosity. Crucially, such ultra-
micropores (pores narrower than ~0.7 nm) are identified as the most
effective for physisorption of CO, at ambient conditions, which is
caused by the enhanced adsorption potential within these confined
spaces?’l. In parallel with chemical modification, pyrolysis tempera-
ture is also a key factor for controlling biochar's properties. Higher
pyrolysis temperatures generally promote more complete
devolatilization and carbonization, which can open blocked pore
channels and increase the specific surface area and pore volume,
favoring physisorption capacity!?8l. However, this often comes at the
cost of thermal decomposition of heteroatom-containing func-
tional groups (e.g., —OH, —NH,), which are vital for surface interac-
tions with CO,. This complex trade-off necessitates exploring a
synergistic strategy that optimally combines thermal treatment with
chemical modification to achieve high performance. Therefore, to
investigate the individual and synergistic effects of the pyrolysis
temperature and KOH modification sequence on the physicochemi-
cal properties and CO, adsorption performance of ABCs, biochar
derived from Sargassum tenerrimum (SBC) was selected as a repre-
sentative model of marine macroalgal biomass because of its typi-
cal harmful bloom-forming nature and intrinsically low specific
surface area that poses a challenging test for activation strategies.
We hypothesize that the sequence of KOH activation relative to
the pyrolysis temperature can synergistically regulate the microp-
orous structure and surface functional groups of SBCs, thereby over-
coming their intrinsic limitations (low specific surface area and unfa-
vorable surface chemistry) to achieve enhanced CO, capture perfor-
mance. The novelty of this work lies in (i) disentangling the effects of
the pyrolysis temperature (400-700 °C) and KOH modification
sequence on the physicochemical properties of SBCs; (ii) revealing
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that a moderate pyrolysis temperature (400 °C) combined with
prepyrolysis KOH activation preserves abundant surface hydroxyl
groups while developing microporosity; and (iii) demonstrating that
this synergistic strategy yields a CO, capture capacity comparable to
or exceeding that of many synthetic porous materials, using a harm-
ful algal bloom waste as feedstock. This temperature range was
selected according to the thermal degradation behavior of Sargas-
sum biomass: Below 400 °C, carbonization is incomplete with poorly
developed porosity, whereas above 700 °C, the oxygen-containing
functional groups are almost completely eliminated, thereby transi-
tioning from a surface-chemistry-dominated adsorption regime to a
porosity-dominated regime. Therefore, a series of SBCs were
prepared at different pyrolysis temperatures (400, 500, 600, and
700 °C). For the sample pyrolyzed at 400 °C, both prepyrolysis and
postpyrolysis KOH activation strategies were applied. The choice
of a moderate pyrolysis temperature of 400 °C was motivated by
two reasons. First, higher pyrolysis temperatures would decom-
pose oxygen-containing functional groups (e.g., —OH, —COOH),
which facilitate the chemisorption of CO, through hydrogen bond-
ing. To achieve a synergistic effect between physical and chemical
adsorption, a moderate temperature is necessary to preserve these
functional groups. Second, even at this moderate temperature,
KOH remains capable of reacting with the carbon precursor to
generate microporosity2939, Therefore, 400 °C was selected as the
optimal temperature to balance porosity development and surface
chemistry.

In the present study, we demonstrated that the pyrolysis temper-
ature and KOH premodification are critical parameters for optimiza-
tion of the porous structure and chemical properties of SBC. The
synergistic effect of KOH activation and a moderate pyrolysis
temperature (400 °C) optimally facilitates the formation of
abundant micropores and surface hydroxyl groups. This dual
enhancement of adsorption sites is key to achieving high CO,
capture capacity.

Experimental section

Materials

The S. tenerrimum used in this study was purchased from a farm
located in Wenzhou city (Zhejiang, China). KOH (> 99% purity) was
obtained from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Hydrochloric acid (HCl, >37% purity) was purchased
from Tianjin Sheng'ao Chemical Reagents Co., Ltd (Tianjin, China). The
CO, adsorption experiments were conducted using CO, (purity >
99.999%) and N, (purity > 99.999%), purchased from Tianjin Baishida
Gas Co,, Ltd (Tianjin, China). The resulting biochars were washed with
3 M HCl to remove inorganic impurities and rinsed with deionized (D)
water until reaching a neutral pH. DI water was used for the
experiment.

Preparation of SBC

The entire preparation process of biochar is shown in Fig. 1.
Specifically, the S. tenerrimum was washed with DI water repeatedly to
remove impurities, and then dried overnight in an oven at 80 °C. The
dried S. tenerrimum was ground into powder and collected via sifting
through an 80-mesh sieve. The collected S. tenerrimum powder was
pyrolyzed from 50 °C to the target temperatures of 400-700 °C at a rate
of 10 °C/min under an N, atmosphere and held at the target
temperature for 120 min. The resulting biochars are denoted as
SBC400, SBC500, SBC600, and SBC700, according to the pyrolysis
temperature.

Preparation of Sar-KOH and SBC400-KOH

Sar-KOH: For a typical synthesis procedure, 2.0 g of dried S. tenerrimum
powder and 2.0 g of KOH were dispersed into 60 mL of DI water.
The mixture was stirred at 500 rpm for 12 h and then dried overnight
in an oven at 80 °C. The dried sample (denoted Sar-KOH) was then
pyrolyzed from 50 to 400 °C with a heating rate of 10 °C/min for 2 h
under an N, atmosphere.
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Sar-KOH

Fig. 1 Schematic diagram of the preparation of biochars from Sargassum tenerrimum.
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SBC-400-KOH: To produce the sample, 2.0 g of SBC400 powder
and 2.0 g of KOH were dispersed into 60 mL of DI water. The mixture
was stirred at 500 rpm for 12 h and dried overnight in an oven at
80 °C. The dried sample (denoted SBC400-KOH) was then pyrolyzed
from 50 to 400 °C at a heating rate of 10 °C/min for 1 h under an N,
atmosphere.

The SBC400, SBC500, SBC600, SBC700, Sar-KOH, and SBC400-KOH
samples were characterized by various methods as follows.

The morphological structures of the samples were photographed
via field emission scanning electron microscopy (FESEM) (JSM-
7800F, JEOL, Japan) equipped with energy dispersive X-ray spec-
troscopy (EDS) apparatus.

The crystalline structure of the biochar was obtained on an X-ray
diffractometer (Ultima IV, Rigaku, Japan) using Cu Ko radiation
(A =0.15418 nm) in a 26 range of 10°-90° with a scanning speed of
10°/min.

The surface functional groups and chemical bonds on biochar
were measured by FTIR (Fourier transform infrared) spectroscopy
(TENSOR 37, BRUKER, Germany) spectroscopy in transmittance
mode from 4,000 to 400 cm~'. The biochar was mixed with KBr and
then pressed into a flake with a diameter of 15 mm before analysis.

The thermogravimetric analysis (TGA) was conducted on a Mettler
Toledo TGA/DSC1 analyzer. Around 20 mg of biochar was loaded
and heated from 10 to 1,000 °C with a heating rate of 10 °C/min in
N, (40 mL/min).

X-ray photoelectron spectrometry (XPS) of the biochar was
performed by a Thermo Fisher Scientific ESCALAB 250Xi spectrome-
ter, using 284.6 eV as the C 1s photoelectron peak for calibrating the
charge. Deconvolution of the XPS peaks was conducted by CASA
XPS software.

The Raman spectra were obtained with a Raman spectrometer
(LabRAM HR Evolution, Horiba, Japan). The laser's wavelength was
532 nm, and the testing wavenumber range was 500-2,500 cm~".

The N, adsorption-desorption test was conducted on a multista-
tion automated surface area and porosity analyzer (ASAP 2460,
Micromeritics, USA). Prior to analysis, the samples were degassed
under a vacuum at 200 °C for 8 h. The specific surface area
was calculated from the N, adsorption data using the
Brunauer-Emmett-Teller (BET) method. The pore size distribution
was derived from the adsorption isotherm by applying nonlocal
density functional theory (NLDFT).

The CO, physisorption isotherms at 273 K were measured using a
gas adsorption analyzer (ASAP 2020, Micromeritics, USA) with high-
purity CO, (> 99.999%). Prior to measurement, each sample was
degassed under a vacuum at 200 °C for 6 h to remove moisture and
guest molecules.

Temperature-programmed desorption (CO,-TPD) experiments
were conducted with a basic dynamic chemisorption analyzer
(ChemiSorb 2720, Micromeritics, USA) to characterize the surface
basicity of the biochars. Specifically, 100 mg of biochar was
degassed in He (30 mL/min) at 200 °C for 20 min. After the mixture
had cooled down to 50 °C, a flow of CO, (30 mL/min) was fed for
30 min until reaching the adsorption equilibrium. Then the biochar
was heated from 50 to 900 °C with a heating rate of 10 °C/min in a
He flow (20 mL/min) and the desorbed CO, was detected with a
thermal conductivity detector (TCD).

The CO, adsorption experiments were conducted using a thermo-
gravimetric instrument (TGA/DSC1, Mettler Toledo, USA). Prior to
adsorption, around 15-20 mg of biochar powder was pretreated under
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a 40 mL/min N, flow by heating from 40 to 120 °C at a rate of
100 °C/min, holding for 90 min to ensure complete degassing, and
then cooling to 40 °C. The CO, adsorption was then performed at 40 °C
and 1 bar for 40 min under a 40 mL/min CO, flow, followed by
desorption in a 40 mL/min N, flow while heating from 40 to 120 °C
at 100 °C/min. To elucidate the adsorption kinetics, the experimental
data were fitted using the pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic models. The equations and detailed fitting
parameters for these models are provided in Supplementary Text 1.
Furthermore, the cyclic adsorption stability was investigated over
multiple consecutive adsorption-desorption cycles using the same
thermogravimetric analyzer. Each cycle consisted of a 40-min CO,
adsorption step at 40 °C and 1 bar, followed by a 90-min regeneration
step under an N, purge at 120 °C.

The textural properties of the biochars were characterized by TGA,
XRD, FTIR, and Raman spectroscopy. As shown in Fig. 2a, the thermal
decomposition of the S. tenerrimum precursor and its derived biochars
occurred in three stages (dehydration below 200 °C, pyrolysis from 200
to 550 °C, and aromatization above 550 °C) B'-33. In contrast, all
biochars (SBC400-SBC700) exhibited a markedly lower total weight
loss than the S. tenerrimum precursor, indicating that increased
pyrolysis temperature enhances the thermal stability of the biochar's
composition. The XRD patterns (Fig. 2b) revealed a broad and diffuse
diffraction peak at 26 = 15°-30° for all samples, corresponding to the
(002) plane of disordered graphitic carbon*. The unmodified ABCs
displayed additional sharp peaks assigned to halite and sylvite3>3¢],
reflecting the high inorganic ash content of the feedstock. These peaks
were drastically diminished or absent in the KOH-modified samples
(SBC400-KOH and Sar-KOH). This transformation is attributed to the
chemical reactions during KOH activation, where KOH and derived
potassium species (e.g., K, K,0, K,CO3) react with, dissolve, or transform
the original inorganic salts (e.g., NaCl, KCl), which are subsequently
removed during postactivation washing. This purification step is a
critical prerequisite, as it contributes to the development of the high
surface area and porosity necessary for enhanced CO, adsorption
performance. The FTIR spectra (Fig.2c) showed absorption bands
at 3,190 cm™' (-OH), ~1,191 cm™" (C-0), ~1,110 cm™ (C-0-C),
~1,410 cm™ (C=0), 2,930 cm™ and 868 cm™' (aliphatic C-H),
~1,585 cm™' (aromatic C=C), and ~3,325 cm™" (-NH,)>*’=%%, The
intensities of these bands decreased with increasing pyrolysis
temperature, indicating devolatilization, aromatization condensation,
dehydration, decarboxylation, decarbonylation, and aromatizationt*.,
Therefore, the higher CO, adsorption capacity of SBC400 in Fig. 3a
could be partially attributed to its abundant -OH and/or C=0 groups,
which can interact with CO, molecules via hydrogen bonding and
dipole-dipole interactions, respectively. Notably, KOH modification
(Sar-KOH and SBC400-KOH) enhanced the -OH and C-O signals
compared with SBC400, suggesting the incorporation of additional
oxygen-containing groups, which increased the surface polarity and
density of potential chemisorption sites for CO,?%4?, Raman spectra
(Fig. 2d ) exhibited D and G bands at ~1,346 and ~1,580 cm™,
respectively?®®], For the unmodified biochars, as the pyrolysis
temperature increased from 400 °C to 700 °C, the Intensity of D-
peak/Intensity of G-peak (Ip/l¢) values increased from 0.88 (SBC400) to
1.32 (SBC700), indicating a rise in structural disorder and defect density
at higher temperatures. This trend is commonly associated with the
conversion of aliphatic structures into amorphous aromatic clusters
and the development of a turbostratic carbon arrangement at higher
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temperatures, as also reported in previous studiesi?®!. Notably, KOH-
modified samples showed much higher ratios (2.34 for Sar-KOH, 2.52
for SBC400-KOH), indicating that KOH activation etches the carbon
framework and generates abundant defects and pores, which is the
fundamental mechanism for creating ultra-microporosity™*¥. KOH
modification could enhance the graded pore size of Sar-KOH and
SBC400-KOH to increase the degree of graphitization, which could
help increase the capture sites to boost the CO, physisorption ability
of biochars!*!,

The morphological evolution of the biochars produced under different
pyrolysis temperatures and modification methods was investigated
by scanning electron microscopy (SEM), as shown in Fig. 4. The SEM
images revealed that the unmodified Sargassum-derived biochars
(SBC400-SBC700, Fig. 4a—d) exhibited an irregular surface topography,
characterized by abundant wrinkles and protrusions. However, no
well-defined porous structure was observed across the temperature
series, which aligns with their characteristically low specific surface
areas (SSAs) as determined by the N, adsorption—desorption isotherms
(Fig. 5a). The absence of a developed pore architecture in these
samples provides a direct morphological explanation for their limited
CO, adsorption capacity®>*?., In contrast to the unmodified biochars,
both KOH-modified samples (SBC400-KOH and Sar-KOH, Fig. 4e, f)

Biochar X

exhibited significantly more developed porous structures. In particular,
Sar-KOH, which underwent KOH activation prior to pyrolysis, displayed
a highly developed, interconnected porous network (Fig. 4f). SEM-EDS
mapping confirmed the homogeneous distribution of elements (C, O,
N, Mg, Si, and Au) across this porous surface (Fig. 4g). This well-defined
porosity results from severe etching of the carbon framework during
KOH activation, a process involving a series of redox reactions between
potassium-containing species (e.g., K, K,O, K,CO;) and carbon atoms.
These reactions generate substantial gaseous products (e.g., CO, CO,,
H,, H,0)*, whose release selectively etches the carbon matrix to
create abundant micropores and mesopores?®#). This extensive
porous architecture is directly responsible for the enhanced CO,
adsorption capacity of Sar-KOH. Conversely, SBC400-KOH showed a
less developed pore structure compared with Sar-KOH, indicating that
postpyrolysis activation was less effective in creating a favorable
porous architecture.

The SSA and pore structure of the biochars were further characterized
by their N, adsorption-desorption isotherms, as shown in Fig. 5a, b,
Table 1, and Supplementary Table S1. The unmodified biochars
(SBC400-SBC700) exhibited Type Il isotherms with H3-type hysteresis
loops, suggesting the presence of slit-shaped mesopores and
micropores. SBC400 possessed the lowest SSA of only 1.14 m?/g,
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Fig. 2 (a) TGA curves of S. tenerrimum and its biochars; (b) XRD image, (c) FTIR pattern, and (d) Raman spectra of SBC400, SBC500, SBC600, SBC700,

SBC400-KOH, and Sar-KOH.
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Fig. 3 (a) CO, adsorption capacity and (b) adsorption cycle stability of biochars. (c) CO,-TPD profile of SBC400, SBC500, SBC600, and SBC700. (d)
Comparison of the CO, adsorption capacities of some reported biochars. (e) Pseudo-first-order kinetic adsorption curves and (f) pseudo-second-order
kinetic adsorption curves of biochars for CO,. (g) CO, adsorption capacity of biochars after the first adsorption cycle and after the ninth

adsorption-desorption cycle.

which is significantly lower than that reported for biochars derived
from lignocellulosic biomassi?®48l, This characteristically low SSA of
Sargassum-derived biochars can be attributed to the high content of
hydrophilic polysaccharides and inorganic salts in the feedstock!*®l,
During pyrolysis, these components promote the formation of tar-like
intermediates and facilitate ash melting, which subsequently blocks
nascent pores and results in a dense, poorly porous structure, as
corroborated by the SEM images (Fig. 4a—d). The low SSA is a primary
factor leading to their relatively low CO, adsorption capacity. As the
pyrolysis temperature increased from 400 to 700 °C, the SSA of the
biochars increased from 1.14 m?/g (SBC400) to 17.11 m?/g (SBC700).
This increase can be attributed to the more complete decomposition
of volatiles and the sublimation or transformation of inherent alkali
metals (e.g., K, Na) at higher temperatures, which facilitates the
creation of additional micropores!*,

KOH activation markedly enhanced the porosity of the biochars.
The SSA of SBC400-KOH increased to 9.64 mZ/g. Notably, Sar-KOH
achieved a substantially higher SSA of 569.66 m?/g. This highlights
the critical importance of the activation sequence. Prepyrolysis
modification enables KOH to interact with the raw biomass during
the pyrolysis process, where a series of redox reactions (e.g., 6KOH +
2C — 2K + 3H, + 2K,CO;) efficiently etches the carbon framework
and generate an extensive network of micropores and
mesopores%, This process produces the highly developed porous
morphology observed by SEM (Fig. 4f) and is directly responsible for
its high CO, adsorption performance. The pore size distribution of
Sar-KOH revealed a predominance of micropores. In general, meso-
pores provide low-resistance pathways for the diffusion of CO,
molecules, whereas micropores offer numerous adsorption sites and
play a more dominant role in CO, capturel>™l,
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To accurately evaluate the CO, physisorption capacity and micro-
pore structure, CO, adsorption-desorption experiments were
further conducted on Sar-KOH at 273 K (Fig. 5¢). Sar-KOH showed a
CO, uptake capacity of 558.22 cm3/g at 273 K. The pore size distribu-
tion confirmed its highly microporous nature, with a dominant pore
width below 2 nm and a sharp peak at approximately 0.6 nm
(Fig. 5d). This well-developed ultra-microporous structure origi-
nated from the extensive etching of the carbon framework by KOH
during the concurrent activation and carbonization processi28l. It has
been established that ultra-micropores with widths below 0.7 nm
are particularly effective for CO, capture because of the enhanced
adsorption potential within these confined spacesl>27l, Therefore,
the abundance of these optimally sized ultra-micropores is the
primary reason for the superior CO, adsorption capacity of Sar-KOH.
In contrast, the lower efficiency of SBC400-KOH, consistent with its
less developed pore structure observed by SEM (Fig. 4e), suggests
that chemical activation of the precarbonized structure is less effec-
tive. This is likely caused by restricted diffusion of the chemical
agent into the more ordered and less reactive carbon lattice, result-
ing in a less favorable porous architecture for adsorption.

CO, uptake properties of biochar

CO, adsorption capacities

The CO, adsorption capacities of the biochars produced at varying
pyrolysis temperatures and via different KOH modification methods

were evaluated using TGA under ambient pressure. As shown in
Fig. 3a, f, and Table 1, the CO, uptake of the unmodified biochars
exhibited an initial decrease followed by an increase with rising
pyrolysis temperature. Specifically, the capacities were 24.1 mg/g for
SBC400, 20.2 mg/g for SBC500, 10.9 mg/g for SBC600, and 16.5 mg/g
for SBC700. The comparatively higher capacity of SBC400 is primarily
attributed to its richer surface basic functional groups, such as —OH,
C=0, and —-NH,, as identified by FTIR spectroscopy (Fig. 2c). These
groups can enhance CO, capture via weak chemisorption. The
subsequent decrease in CO, adsorption from SBC500 to SBC600
correlates with the reduced intensity of these basic functional groups
in the FTIR spectra, resulting from their dehydration, decarboxylation,
and decarbonylation reactions at elevated temperatures. The observed
recovery of adsorption capacity in SBC700, despite the further loss of
surface functional groups, can be explained by its significantly
increased specific surface area (17.11 m%/g) and the development of a
microporous structure, as confirmed by the N, adsorption-desorption
isotherms (Fig. 5b, inset). This trend suggests a shift in the dominant
adsorption mechanism from a surface chemistry-controlled one to a
more porosity-dominated process at higher pyrolysis temperatures.
KOH modification markedly enhanced the CO, adsorption perfor-
mance. The SBC400-KOH sample showed an improved capacity
(40.0 mg/qg). Notably, the sample premodified with KOH (Sar-KOH)
exhibited a higher CO, adsorption capacity of 120.5 mg/g. This
exceptional performance is attributed to the synergistic effect of

Fig. 4 SEM images of (a) SBC400, (b) SBC500, (c) SBC600, (d) SBC700, (e) SBC400-KOH, and (f) Sar-KOH. (g) SEM EDS and elemental mapping images of C,

O, N, Mg, Au, and Si in Sar-KOH.
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Fig. 5 (a) N, adsorption—-desorption isotherms and (b) pore size distributions of SBC400, SBC500, SBC600, SBC700, SBC400-KOH, and Sar-KOH. (c) CO,
adsorption—-desorption isotherm at 273 K and (d) the pore size distribution of Sar-KOH.

its well-developed microporous structure, as evidenced by the SEM
and N,/CO, physisorption results (Figs. 4f, 5), along with the intro-
duction of stable basic surface groups (including —OH and —NH,)
during KOH activation, as seen in the FTIR spectra (Fig. 2c). The
combination of a high SSA with a dominant ultra-micropore volume
(< 0.7 nm) and favorable surface chemistry makes Sar-KOH an effi-
cient adsorbent for CO, capture.

To assess the practical application potential of biochars for CO,
capture, both high capacity and rapid adsorption kinetics are crucial.
The adsorption kinetics were therefore analyzed by fitting the
experimental data (Fig. 3a) with the PFO and PSO kinetic models. The
PFO model typically describes processes where physical adsorption or
diffusion may be rate-limiting, whereas the PSO model is often more
applicable when chemisorption (surface reaction) is the rate-
determining step®?. As shown in Fig. 3e, f, and Table 2, the kinetic
profiles of the biochars at 40 °C were better described by the PSO

Table 1 Textural parameter and CO, adsorption capacities of the biochars

model, which consistently yielded a higher R? than the PFO model. For
the KOH-modified samples (SBC400-KOH and Sar-KOH), the R? values
for the PSO model exceeded 0.99. This high fit suggests that
chemisorption, facilitated by the abundant basic oxygen-containing
functional groups introduced via KOH activation, plays a significant
role in the CO, capture process for these samples. Furthermore, the
time required to reach adsorption equilibrium varied considerably
among the samples. Sar-KOH achieved equilibrium in around 11 min,
followed by SBC400-KOH (~13 min), whereas the unmodified biochars
required 26-28 min. Correspondingly, the initial adsorption rates
increased from 0.090-0.123 min~" for the unmodified biochars to
0.199 min~! for SBC400-KOH and 0.351 min~' for Sar-KOH. Sar-KOH
thus exhibited not only the fastest equilibration time but also the
highest adsorption rate, indicating markedly enhanced kinetics.
Notably, for Sar-KOH, the R? values of both the PFO and PSO models
were above 0.99, indicating that the adsorption process is complex
and is governed by a combination of concurrent physical and che-
mical mechanisms.

Sample SBC400 SBC500 SBC600 SBC700 SBC400-KOH Sar-KOH
Specific Surface Area determined by the BET method (Sggr) (m?/g) 1.14 1.37 2.61 17.11 9.64 569.66
CO, adsorption capacity (mg/g) 24.1 20.2 10.9 16.5 40.0 120.5
Loss of adsorption capacity after 9 cycles (%) 17.0 6.4 2.8 8.5 7.0 1.1
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Table 2 Adsorption kinetic parameters of CO, on biochar at 40 °C

Pseudo-first order model

Biochar X

Pseudo-second order model

G = txky X @2 /(1 +q. Xt X ky)

Sample i = q.(1—e™1")
g. (mg/q) ky (1/min) R?

SBC400 22.96 0.095 0.965
SBC500 18.65 0.123 0.940
SBC600 10.18 0.090 0.892
SBC700 15.41 0.111 0.930
SBC400-KOH 37.74 0.199 0.962
Sar-KOH 121.83 0.351 0.994

9. (Mg/g) ky (g/(mg-min)) R?
28.425 0.004 0.984
22.650 0.006 0.989
12.427 0.009 0.957
18.779 0.007 0.982
43.103 0.006 0.999
125.786 0.008 0.997

To contextualize the performance of the optimized adsorbent, the
CO, adsorption capacity of Sar-KOH was benchmarked against a range
of recently reported biochar-based adsorbents, as shown in Fig. 3d
and Supplementary Table S2. Since the physisorption of CO, onto
porous solids is an exothermic process™, an increase in adsorption
temperature typically reduces the equilibrium uptake capacity for
most adsorbents within a moderate temperature range (e.g., 0-60 °C).
This is primarily caused by the decreased stability of the adsorbed
CO, molecules at higher thermal energy, which favors desorption.
The comparative analysis revealed that Sar-KOH exhibits a relatively
higher CO, uptake, surpassing a significant number of KOH-activated
biochars derived from conventional lignocellulosic biomass. These
results position Sar-KOH as a highly promising adsorbent for practical
CO, capture applications.

The recyclability of CO, adsorbents is a critical parameter for assessing
their practical application potential. The regeneration stability of the
biochars was evaluated by performing multiple adsorption-desorption
cycles under alternating CO, and N, atmospheres using TGA. As shown
in Fig. 3b and Table 1, each adsorption—-desorption step proceeded
rapidly. After nine consecutive cycles, the CO, adsorption capacity
losses for SBC400, SBC500, SBC600, SBC700, SBC400-KOH, and Sar-KOH
were 17.0%, 6.4%, 2.8%, 8.5%, 7.0%, and 1.1%, respectively (Table 1).
The minimal capacity loss exhibited by Sar-KOH indicates that the
carbon structure formed through prepyrolysis KOH activation
possesses superior thermal and mechanical stability. Regeneration
under an inert gas atmosphere effectively restored its adsorption
capacity without significant structural degradation, which can be
attributed to the highly stable microporous architecture created
during the simultaneous carbonization and activation processest3,
Owing to its exceptional cyclic stability, high initial CO, adsorption
capacity, and rapid kinetics, Sar-KOH emerges as a particularly
promising candidate for practical CO, capture applications where long-
term adsorbent performance is essential for economic viability.

To investigate the chemical interaction between CO, molecules and
the biochars, CO,-TPD analysis was performed, as shown in Fig. 3c.
Basic sites are typically classified into three types according to the
desorption temperature: Desorption peaks below 250 °C are attributed
to weakly adsorbed CO,, those between 250 and 450 °C correspond to
moderate-strength basic sites, and peaks above 450 °C generally reflect
strong chemisorption®¥, It should be noted that desorption peaks
above 450 °C originated from the thermal decomposition of the
biochar matrix itself, releasing CO and CO,”%. Since CO, capture
processes are generally conducted at around room temperature, the
low temperature desorption region is considered more relevant for
assessing practical adsorption performance. It can be seen that SBC400
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and SBC500 exhibited two low-temperature desorption peaks at 76-78
and 227-232 °C. These peaks can be ascribed to weak basic sites, such
as -OH and -NH, groups, which interact with CO, via hydrogen
bonding and weak acid-base interactions, respectively®. The presence
of these functional groups, which was also confirmed by the FTIR
results (Fig. 2c), contributes to the relatively higher CO, adsorption
capacities of SBC400 and SBC500. As the pyrolysis temperature
increased from 400 to 700 °C, the intensity of these functional groups
progressively diminished, consistent with the FTIR observations,
resulting in reduced contributions from the weak basic sites to CO,
adsorption. In contrast, SBC700 displayed a desorption peak at 249 °C,
which arose from the enhanced physisorption within its developed
micropores, as supported by its pore size distribution (Fig. 5b, inset).
The marked decline in CO, uptake observed for SBC500 and SBC600
can be linked to the loss of weak basic functional groups combined
with insufficient development of microporosity. In particular, the low
adsorption capacity of SBC600 is caused by the absence of both
effective surface functional groups and a well-developed microporous
structure. These results highlight that effective CO, capture by
Sargassum-derived biochars depends on the synergistic effect
between developed micropores and the presence of weak basic
surface functional groups.

XPS analysis was conducted to further elucidate the surface
chemical states and elemental composition of the biochars (Fig. 6
and Supplementary Table S3). The survey spectra (Fig. 6a) exhibited
two dominant peaks corresponding to C 1s (~284 eV) and O 1s
(~531 eV). To identify and quantify the specific chemical functionali-
ties, the high-resolution spectra of C, O, and N were deconvoluted,
as shown in Fig. 6b—e and Supplementary Table S4. High-resolution
deconvolution of the C 1s spectrum (Fig. 6b) was fitted with five
component peaks located at 284.8, 286.3, 286.9, 288.2, and 288.8 eV,
corresponding to C-C, C-N, C-O, C=0, and O-C=0 bonds,
respectively!28l, The O 1s spectrum (Fig. 6¢) was resolved into two
peaks at 531.7 and 533.5 eV, attributed to O-H and C-O groupsl°l.
Quantitative analysis of the oxygen functional groups (Fig. 6d)
revealed that Sar-KOH possesses the highest relative content of
O-H, which aligns with the FTIR observations (Fig. 2c). This
prominent population of hydroxyl groups supports their role in
enhancing CO, adsorption through dipole-dipole interactions and
hydrogen bonding®”l. Furthermore, the N 1s spectra indicated the
presence of two N dopant species, including pyridinic N (398.6 eV)
and pyrrolic N (400.2 eV) (Fig. 6e)P8L, It can be seen that KOH modifi-
cation induced a general decrease in the total nitrogen content of
the biochars. Pyridinic N became the dominant nitrogen species in
SBC600, suggesting a transformation in the nitrogen bonding
configuration at higher pyrolysis temperatures. These findings
demonstrate that the prepyrolysis KOH activation (Sar-KOH) creates
an oxygen-rich surface dominated by hydroxyl groups, which syner-
gizes with its developed porosity to achieve superior CO, adsorp-
tion. In contrast, the thermal evolution and loss of nitrogen species
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Fig. 6 (a) XPS survey spectra and typical (b) C 1s, (c) O 1s spectra. (d) Relative content of -C-O and -OH groups. (e) N 1s spectra of SBC400, SBC600,
SBC400-KOH, and Sar-KOH and (f) O 1s spectra of SBC400 before and after CO, adsorption.

across the temperature series highlight the thermal restructuring of
the carbon matrix>9., Integrating these chemical insights with the
structural data from the BET and SEM analyses establishes that the
high performance of Sar-KOH arises from the optimal integration
of a microporous framework with a polar, oxygen-functionalized
surface.

To gain a deeper insight into the evolution of electronic behavior
during CO, adsorption, a comparative XPS analysis was conducted
on biochar before and after CO, capture. SBC400 was selected
because of its low SSA, which minimizes the interference of
physisorption and allows for a clearer investigation of the chemical
interactions. The sample after CO, adsorption was named SBC400-
spent. The evolution of surface chemical states and the redistribu-
tion of electron density of SBC400 and SBC400-spent, including their
characteristic binding energy shifts and changes in peak intensities,
is shown in Fig. 6f. It can be seen that the relative content of the
O-H species in SBC400-spent decreased after CO, capture, which
suggests the involvement of surface hydroxyl groups in the adsorp-
tion processt9, This result provides direct surface chemical evidence
supporting the existence of the weak basic sites (O-H groups) iden-
tified in the CO,-TPD analysis and FTIR results, confirming their
active role in the chemisorption of CO,.

In summary, the superior CO, capture performance of Sar-KOH
arises from a synergistic interplay between its well-developed
ultra-micropores and abundant surface hydroxyl groups. The ultra-
micropores (predominantly < 0.7 nm) provide a confined space that
enhances physisorption via overlapping adsorption potentials,
whereas the hydroxyl groups act as weak basic sites that promote
chemisorption through hydrogen bonding with CO, molecules. This
adsorption mechanism enables Sar-KOH to achieve both high
capacity and fast kinetics. The combination of an optimized pore
architecture and tailored surface chemistry, achieved by prepy-
rolysis KOH activation at a moderate temperature (400 °C) thus
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represents an effective strategy for designing high-performance
algal biochar adsorbents.

A preliminary life cycle assessment (LCA) was conducted to evaluate
the environmental performance of a CO, capture system utilizing the
optimized biochar adsorbent, Sar-KOH, with a focus on global warming
potential (GWP) and energy demand. The assessment followed a
‘cradle-to-regeneration' approach. The system boundaries encom-
passed the collection and transportation of S. tenerrimum biomass,
production of the biochar via pyrolysis and KOH activation at 400 °C,
the CO, adsorption phase, and 18 consecutive adsorption—-desorption
regeneration cycles of the spent adsorbent. The functional unit was
defined as the capture and sequestration of 1 kg of CO, by Sar-KOH.
According to the experimental adsorption data (Supplementary Table
S5), capturing 1 kg of CO, requires approximately 0.47 kg of Sar-KOH,
accounting for its stable capacity over 18 cycles. With a biochar yield of
50 wt.% at 400 °C (determined by TGA, Fig. 2a), this corresponds to a
feedstock requirement of about 0.94 kg of dry S. tenerrimum. Key
inventory data, including the specific energy demand for pyrolysis (2.8
MJ/kg biomass) and regeneration (0.2 MJ/kg CO, per cycle), were
sourced from the literature and are summarized in Table 31,

The lifecycle inventory analysis yielded the following aspects of
primary energy consumption: (i) Pyrolysis and activation energy,
0.94 kg feedstock x 2.8 MJ/kg = 2.63 MJ; (ii) regeneration energy
(18 cycles): 18 x 0.2 MJ/kg CO, = 3.6 MJ; (iii) transportation energy:
negligible (~0.009 MJ). The total energy demand was thus calcu-
lated to be approximately 6.24 MJ. Using an average grid electricity
emission factor of 0.41 kg CO,-eq/kWh[5Z, the indirect greenhouse
gas emissions associated with this energy equal (6.24 MJ /
3.6 MJ/kWh) x 0.41 kg CO,-eq/kWh = 0.71 kg CO,-eq. Therefore, the
net CO, removal achieved by the proposed system is: 1.00 kg
(captured) - 0.71 kg (embodied emissions) = 0.29 kg CO,-eq per kg
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Table 3 Lifecycle inventory

Process Parameter Value

Feedstock Carbon content in biochar ~50% (mass basis)
Biochar yield from Sargassum ~50% by mass
tenerrimum pyrolysis

Pyrolysisand ~ Thermal demand at 400 °C ~2.8 MJ/kg

activation(©" biomass

Regeneration!®"! Energy for CO, desorption ~0.2 MJ/kg CO,

Transport Biomass delivery (truck, 50 km) ~0.1 MJ/ton km

Energy mix1®?  Grid emission factor (Qinghai, China)  0.41 kg CO,-

eg/kwh

of CO, captured. This positive net balance indicates that the Sar-
KOH-based system achieves net negative emissions, providing a net
climate benefit. The result highlights the promising CO, removal
potential of the material at the laboratory scale. When integrated
with the previously demonstrated high adsorption capacity, rapid
kinetics, and excellent cyclic stability, these LCA findings support the
technical and environmental rationale for the further development
and potential scalability of the proposed direct air capture system,
positioning it as a viable candidate for climate change mitigation
strategies.

Despite the promising CO, capture performance of Sar-KOH demon-
strated in this study, several limitations should be acknowledged. First,
all the adsorption experiments were conducted under dry conditions,
whereas real flue gas or air contains moisture. The presence of
moisture may affect the CO, adsorption capacity, CO,'s selectivity over
other gases (e.g., N,, O,), and the stability of the biochar adsorbent
through competitive adsorption or potential hydrolysis of the surface
functional groups. Therefore, systematic investigation of the influence
of relative humidity on the adsorption performance of Sar-KOH is a
prerequisite for practical applications. Second, the adsorbent was used
as a powder, which may cause a high pressure drop in fixed-bed
reactors. Future work should explore processing Sar-KOH into
mechanically robust particles, pellets, or monolithic structures using
appropriate binders and shaping techniques, followed by an
evaluation of their pressure drop characteristics, mechanical strength,
and cyclic stability under dynamic flow conditions. Third, further
modification strategies such as nitrogen doping could be explored to
enhance the surface's basicity and CO, affinity. Addressing these
limitations will facilitate the translation of Sar-KOH to practical carbon
capture technologies.

In this study, a promising Sargassum-derived biochar pyrolyzed at
400 °C and modified with KOH was reported to have abundant
micropores and hydroxyl groups. Its potential use as a CO, adsorbent
was demonstrated by its high CO, adsorption capacity and stable
regeneration performance. Comprehensive characterizations confirm
that this superior performance originates from a synergistic effect: The
prepyrolysis KOH activation at a moderate temperature serves as the
critical step, simultaneously creating an ultra-microporous architecture
via severe etching of the carbon framework and enriching the surface
with hydroxyl groups. The developed micropores provide abundant
physisorption sites for CO, molecules, whereas the hydroxyl groups
enhance the surface's basicity and facilitate specific interactions
(hydrogen bonding) with CO, molecules. In summary, the strategic
integration of controlled pyrolysis temperature and preactivation
offers an effective pathway to design algae-derived biochar with an
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optimized porosity and surface chemistry for efficient CO, capture. This
approach not only advances adsorbent design but also promotes the
valorization of algal biomass, addressing both environmental and
resource challenges.

It accompanies this paper at https://doi.org/10.48130/bchax-0026-
0019.
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