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Abstract: The increasing CO: concentration has prompted global efforts to develop efficient CO; capture technologies.
Biomass carbon is a prospective adsorbent due to its renewability, low cost, and tunable physicochemical properties.
However, conventional KOH activation usually requires excessive usage of chemicals, leading to high costs and
environmental concerns. In this study, we explore the potential of Fenton-like oxidation to enhance the CO; uptake of
biomass carbon. The incorporation of transition metal catalysts (Fe, Cu, Mn, Co) into the Fenton-like reaction
significantly modifies the carbon structure and introduces oxygen-containing functional groups. The involvement of Mn
increased the CO; uptake by 47.7% over the original carbon. The results indicate that oxidative pretreatment improves
the pore structure and enhances the surface chemistry. The optimal porous carbon reaches a COJ/N: selectivity of 13.75,
which is superior to the commercial activated carbon. These insights provide a novel approach for optimizing biomass

carbon for sustainable CO; capture.
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1. INTRODUCTION

The alarming increase in atmospheric CO, concentration
is a major cause of climate change, which urgently
requires improved carbon capture and storage (CCS)
technologies [1][2]. Among the various strategies,
adsorption through porous carbon materials has received
much focus due to its energy efficiency, cost-
effectiveness, and environmental sustainability [3][4].
Biomass-derived activated carbon (AC) is particularly
promising because of its abundant pore structure and
properties in terms of surface chemistry [5]. However,
optimizing their adsorption performance remains a
challenge, especially to minimize production costs while
improving CO- selectivity.

Conventional activation methods, such as KOH [6]or
ZnCl; [7] activation, can effectively produce high surface
areas and porous structures. However, they typically
require large amounts of activators, which leads to
increased costs and waste disposal issues [8][9]. To
address these challenges, oxidative pretreatment
approaches, including Fenton and Fenton-like reactions,
have been investigated as a means to modify the
physicochemical properties of carbon precursors before
activation [10][30].

Fenton and Fenton-like reactions involve the catalytic
decomposition of H,O, in the presence of transition
metals (e.g., Fe, Cu, Mn, and Co) to produce hydroxyl
radicals (-OH) [11][12][13]. Due to their favorable one-
electron reduction potentials, these -OH radicals can
selectively oxidize functional groups such as C=C, C-H,
phenols, aldehydes, ketones, and ether bonds [14][31].
Through introducing oxygen-containing functional
groups, the process not only alters the chemical reactivity
of the carbon precursor, but also facilitates the

subsequent carbonation and activation processes [15][32].

This implies that it is possible to use less KOH to achieve
a satisfactory CO; capture performance. It makes the
process more sustainable and cost-effective and is
expected to yield a highly developed, porous activated
carbon.

Despite encouraging results from previous investigations,
a detailed understanding of the effect of Fenton-like
oxidation on biomass carbon is still limited. Therefore,
this study aims to systematically investigate the effect of
Fenton-like oxidation on the pore structure and CO;
adsorption capacity of the carbon. The optimized
material exhibited excellent CO, adsorption capacity,
reaching 3.5 mmol g at 25 °C and 1 bar, with a CO2/N;
selectivity as high as 13.75. Remarkably, the adsorption
capacity of the porous carbon remained at 95% after 10
adsorption-desorption cycles. Consequently, the porous
carbon synthesized in this study has the potential to serve
in large-scale CO; capture applications.

2. MATERIALS AND METHODS

2.1 Materials

Pinecones were collected from the local coast of Fukuoka
County, Japan, and are required to be washed, dried, and
crushed before utilization. HCI (1 mol L), KOH, H;0,
(30%), copper(ll) chloride dehydrate (CuCly-2H,0,
99.0%), manganese(ll) chloride tetrahydrate (MnCl;
“4H,0, 99%), cobalt(ll) chloride hexahydrate
(CoCly6H20, 99%), iron(Ill) chloride hexahydrate
(FeCl3-6H20, 99%) was purchased from FUJIFILM
Wako Pure Chemical Corporation, Japan.

2.2 Preparation process

The biomass was impregnated in a 0.3 mol L solution
of CUC|2'2H20, MnCI2-4H20, FeCI3~6H20, and
CoCly-6H,0, respectively, and dried after stirring for 24
h. It was then dispersed in 5 wt% H,O, solution, stirred
for 24 h, and dried to obtain the carbon precursor. To
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prepare the carbon, the above precursors were transferred
to a tube furnace and heated at 600 °C in an N
atmosphere at 5 °C min for 1 h. The obtained product
was milled with a planetary ball grinder for 30 min to
increase the specific surface area of the carbon and
optimize its pore structure. Afterwards, it was activated
with KOH in the ratio of 1:1.5 for 2 h at 800 °C (heating
rate was 10 °C min-t). Finally, the obtained products were
washed repeatedly with deionized water and HCI to
remove excess impurities and then dried. The final
samples were named metal-AC (metal stands for Cu, Mn,
Co, and Fe, respectively). For comparison, a similar
procedure was followed for the direct carbonization and
activation procedure of the pinecone biomass, but with
an activation ratio of 1:3, designated as PC. Fig. 1.
presents the schematic diagram of the Fenton-like
modified carbon synthesis.
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Fig. 1. The synthesis process of the Fenton-like
modified carbon.

2.3 Characterization

Scanning Electron Microscopy (SEM, JSM-7900F) was
employed to observe the surface morphology and
structure of the samples, and Energy Dispersive X-ray
Spectroscopy (EDX) was used to confirm the elemental
composition and distribution in the samples. The N2
adsorption-desorption curves were measured with a
Belsorp adsorption analyzer, and the pore size
distribution was analyzed by the NLDFT method. Here,
the microporous volume (Vmicro) Was analyzed using the
t-plot model. The ultra-microporous volume (Vyitramicro)
was obtained with the D-R model based on CO;
adsorption data at 25 °C [16].

2.4 COq adsorption testing

The CO- adsorption isotherms were measured using a
3Flex analyzer with all samples' adsorption data from
pressure 0 to 110 kPa. The isotherm data were fitted with
three adsorption models, respectively.

The Langmuir model is suitable for describing
monolayer adsorption on homogeneous surfaces:
Q.= Q max Kip ()
1+Kup

The Freundlich model is commonly used to depict
physical adsorption on multilayered or inhomogeneous
surfaces:

Qe = Kep" ()

The D-R model is mainly applied to microporous filling
processes and is suitable for describing low-pressure CO:
adsorption:

Qe = Q max exp(—BIn(%)z) 3)

where K. (kPal) and Kg (kPal) are the equilibrium
constants of Langmuir and Freundlich models; B (mol?
kJ2) is an empirical constant of the D-R model; n refers
to temperature-related heterogeneity factor; Qmax (mmol
g1) is the maximum adsorption capacity; and Q. (mmol
g?l) refers to the equilibrium adsorption capacity at
determined pressure.

Based on the adsorption isotherm data, the Clausius-
Clapeyron equation was used to calculate the adsorption
heat of the samples with the following equation:

Qu=|AH|=RT? [?} )

Equation 4 can be morphed into the following form:
Inp= AH e (5)
RT

where T (K) is the absolute temperature during
adsorption, p (Pa) is the absolute pressure during
adsorption, and R is the gas constant (8.314 J mol* k™).

The adsorption selectivity of CO2/N is significant for the
practical application of adsorbents [17]. The Ideal
Adsorption Solution Theory (IAST) model is commonly
used to predict two-component adsorption results [18].

Q(:oqu2 (6)
pcoz pN2

where (coz and gnz are the adsorption capacity of CO;
and Ny, derived from the single component sorption
isotherm, and the CO, (0.15 bar) and N (0.85 bar) partial

pressures in the flue gas are denoted by pcoz and pnz,
respectively.

CO,IN, —

In addition, the cyclic regeneration of biomass carbon
was assessed by 10 adsorption-desorption cycles.

3. RESULTS AND DISCUSSION

3.1 Characterization of the activated carbon

Fig. 2. exhibited the SEM and its corresponding
elemental distribution of four metal-modified activated
carbon materials (Co-PC, Cu-PC, Fe-PC, and Mn-PC).

Fig. 2. The SEM and EDX images of (a) Co-PC; (b) Cu-
PC; (c) Fe-PC; (d) Mn-PC



The structures of all the samples showed irregular rough
surfaces and exhibited a typical porous structure with a
more uniform pore distribution. This indicated that
Fenton-like reagent pretreatment could strengthen the
pore structure of the activated carbon. The EDX results
showed that the four metal elements were uniformly
distributed on the carbon surface without obvious
agglomeration, indicating that the metal loading was
relatively homogeneous. In addition, the presence of
oxygen elements suggested the existence of oxidized
groups on the surface of the material, which contributed
to enhancing the adsorption performance or catalytic
activity.  Overall, the characterization  results
demonstrated that the metal elements were uniformly
distributed on the surface of the activated carbon, and the
porous structure of the carbon was maintained.

Fig. 3a showed the N adsorption-desorption isotherms
of pristine activated carbon (PC) and four types of
Fenton's reagent-modified activated carbons. The PC
exhibited higher N, adsorption, especially in the low-
pressure region (P/Po < 0.1), with a rapid increase in the
adsorption, indicating a well-developed microporous
structure. The adsorption capacity of metal-PC was
decreased compared to PC, which was directly correlated
to the amount of activator KOH. All the carbons were
adsorbed in the medium and high-pressure region (P/Po >
0.4), and the adsorption amounts gradually increased,
showing a typical type IV isotherm, which reflected the
existence of a composite pore structure of micropores and

mesopores in the materials.
700

to smaller sizes. Combined with the description of the
pore structure parameters in Table 1, although the total
pore volume and specific surface area decreased, the
ultramicroporous volume (Vuitramicro<1 nm) 0f both Mn-PC
and Fe-PC was higher than the original PC. This
suggested that the Fenton-like pretreatment might have
enhanced the partial oxidation on the material surface and
formed more ultramicropores. It can be concluded that
the Fenton-like pretreatment changed the pore structure
of the activated carbon, which is expected to have
superior performance in CO, adsorption.
Table 1. The pore parameters of different carbons.

SBET Vt Vmicro Vultramicro<1 nm
AP (migh  (em'g)  (em'gl)  (emg)
PC 2479.80 0.95 0.90 0.36
Co-PC  1917.33 0.85 0.80 0.43
Fe-PC  2280.73 0.92 0.88 0.53
Cu-PC  2034.00 0.88 0.85 0.42
Mn-PC  1848.80 0.74 0.72 0.58
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Fig. 3. (2) The N adsorption-desorption isotherms; (b)
pore size distributions of different samples.

Fig. 3b displayed the pore size distribution curves for
each material. The pore sizes of all the samples were
concentrated around 1 nm, and 2~4 nm corresponded to
mesopores, mainly dominated by micropores. However,
the total pore volume of the Fenton-like reagent-treated
samples decreased significantly, indicating that the metal
loading blocked some of the micropores to a certain
degree, and the pore size distribution was slightly shifted

3.2 COzcapture performance

In adsorption applications, the ideal adsorbent generally
has these advantages: high adsorption capacity, low cost,
excellent selectivity, low energy consumption for
desorption, and high cyclic stability [19]. To evaluate the
effect of Fenton-like pretreatment on the CO, adsorption
capacity of biochar, a 3Flex adsorption analyzer was used
to measure the CO, adsorption capacity of all samples at
298 K and 1 bar. Fig. 4. illustrates that the pretreatment
effectively enhanced the CO- adsorption performance of
the biochar because the -OH generated by the reaction of
the metal salt with H,O; had strong oxidizing properties,
which was able to change the pore structure of the
activated carbon and increase the ultramicropores'
volume, and this was in agreement with the BET results
[20].

On the other hand, the introduction of metal oxides (e.g.,
MnOy, FeOy, etc.) and oxygen-containing functional
groups (e.g., -OH, -COOH) on the biochar surface can
increase the alkaline sites, which is favorable for CO;
adsorption [21]. Among them, the Mn-modified samples
showed the best performance, which was consistent with
the enhancement of oxidation state and alkaline
adsorption sites. Moreover, Mn-PC had the largest
ultramicroporous volume. Research has demonstrated
that ultramicropores (<1 nm) are the main driving force
for CO, adsorption, whereas pores larger than three times
the CO, molecule diameter (~0.33 nm) contribute little to
adsorption [22]. Consequently, the volume of the
ultramicropores and the alkaline sites are the main factors
affecting4%he CO; adsorption performance.
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Fig. 4. The CO; adsorption isotherms of all samples.



Fig. 5. exhibited the adsorption isotherms of the four
modified activated carbons at different temperatures. As
the temperature increased from 278.15 K t0 298.15 K, the
CO; adsorption of all four samples decreased, which

indicated that the adsorption was an exothermic process.
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Fig. 5. The CO; adsorption isotherms under different
temperatures.

Fig. 6. presented the CO; adsorption on Mn-PC fitted by
three isothermal adsorption models. The parameters
obtained from the fitting are summarized in Table 2. In
general, lower chi-square (x?) values represent higher
fitting accuracy [23][24]. As can be seen from Table 2,
the %2 values of the Freundlich model were lower than the
Langmuir model, which indicated that physical
adsorption might play a dominant role in CO; adsorption.
In addition, the D-R model showed the lowest 2 value
and the closest R? to 1, suggesting that both physical and
chemical adsorption occurred. It was notable that the
presence of metallic elements could effectively enhance
the chemisorption of CO2 on porous carbon by increasing
the alkaline active sites [25].
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Fig. 6. Fitting curves of three adsorption models.

Table 2. Model fitting parameters of CO; adsorption
isotherms on Mn-PC.

Models Fitted Temperature
Parameters (298.15 K)
Qmax (Mmol g) 7.553
Langmuir Ke (kPa?) 0.00854
R? 0.9985
x 0.0017
Ke(mmolg™ 415519
Freundlich kPar")
n 0.733
R? 0.9987

Y 0.0015

. Qmax (mmol g1 7.5934

Dubinin- B (mol? kJ?) 0.366
Radushkevich 2

DR R 0.9990

(O-R) N 0.0013

The adsorption heat (Qs) was calculated according to
Egs. (4) - (5) based on the CO, adsorption data at
different temperatures. Fig. 7 (a) presented the
relationship between In P and 1/T, with different color
curves corresponding to different adsorption amounts
(mmol g2). All curves presented negative slopes, which
indicated that the CO, adsorption on Mn-PC was an
exothermic process.

According to the Clausius-Clapeyron equation, the slope
of the fitted line can be used to calculate Qs Qst Was
higher at low adsorption amounts, implying that there
was a stronger interaction between carbon and CO;
molecules at the initial stage, which may be related to the
enhanced surface polarity due to Mn modification
[26][27]. However, Qs decreased with increasing
adsorption amount, implying that the strong, active sites
were gradually occupied and the adsorption was
saturated [28]. The Qs of Mn-PC ranged from about 18
to 28 kJ mol, which indicated that its CO, adsorption
was mainly physisorption. This revealed that the Mn-PC
had a good regenerative property and was able to
maintain a low energy consumption in the adsorption-
desorption cycle. Consequently, this material has an
excellent eootential for industrial applications.
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Fig. 7. (a) Relationship between In P and 1/T of Mn-PC
at different adsorption amount; (b) Heat of CO,
adsorption of Mn-PC.

To assess the CO./N, separation performance of the
modified activated carbon, the N, adsorption isotherms
of all samples were tested at 298 K and 1 bar. Obviously,
the N, adsorption capacity of each sample was much
lower than the CO, adsorption capacity at the same
temperature and pressure. The selectivity was calculated
according to the IAST model, which can effectively
predict the adsorption selectivity of the adsorbent for any



binary gas mixture, where the mixture composition
simulated the post-combustion flue gas composition
(CO2/N2=15/85) [29].

Fig. 8b showed that the Mn-modified material exhibited
the highest selectivity of 13.75 for CO2, which was
probably related to the modulation of the surface charge
distribution of the material by Mn, enhancing the
interaction between CO; and the adsorption sites. In
addition, the Mn and Co modifications significantly
increased the selectivity of the materials for CO», which
was attributed to the fact that the modification of the
metal atoms may produce more polar sites or defects on
the surface of the materials, increasing the adsorption
capacity of CO; molecules, while decreasing the
competing adsorption of N2. The results suggest that Mn-
PC is suitable for simulated flue gas separation or low
concentr(?gon CO;, capture applications.
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Fig. 8. (a) The N, adsorption isotherms of different
samples; (b) CO2/N; adsorption selectivity of metal-PC.

The CO; desorption curve of Mn-PC at 298 K was
examined in Fig. 9. In comparison with the adsorption
curve, it can be seen that the adsorption-desorption
process was shown to be almost reversible. It proved that
the vacuum desorption process could effectively remove
nearly all the CO; on the surface and inside the pores of
Mn-PC.
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Fig. 9. The CO; desorption curves of Mn-PC.

The ideal adsorbent requires not only high adsorption
capacity and selectivity but also recoverability, which is
the key to determining its practical application value.
After the adsorption reached equilibrium, the adsorbent
was placed under vacuum and degassed for 2 h for the
next adsorption. Fig. 10. demonstrated the experimental
data of CO; adsorption for 10 adsorption-desorption
cycles, and the CO; adsorption capacity did not decrease
significantly, indicating its excellent recoverability.
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Fig. 10. The cycle performance of Mn-PC at 1 bar and
298.15 K.

4. CONCLUSIONS

In this study, a series of metal-assisted Fenton-like
pretreatment strategies were developed to enhance the
CO, adsorption performance of biomass-derived
activated carbon. The introduction of transition metal
catalysts (Fe, Cu, Mn, Co) not only tailored the pore
structure but also enriched the surface chemistry with
oxygen-containing and alkaline functional groups, which
significantly contributed to the adsorption efficiency.

Among all samples, Mn-modified activated carbon (Mn-
PC) exhibited the most promising performance. It
achieved a CO; uptake of 3.5 mmol g* at 25 °C and 1 bar,
representing a 47.7% increase compared to the pristine
sample (PC). Additionally, the CO2/N. selectivity
reached 13.75, outperforming commercial activated
carbon. The enhanced performance is mainly attributed
to the increased ultramicropore volume (0.58 cm?® g for
Mn-PC vs. 0.36 cm® g for PC) and the introduction of
alkaline sites by Mn species. Furthermore, Mn-PC
demonstrated excellent cyclic stability, maintaining 95%
of its initial adsorption capacity after 10 consecutive
cycles, and exhibited reversible adsorption-desorption
behavior under vacuum conditions.

Overall, this work confirms that Fenton-like pretreatment,
particularly with Mn catalysts, is a viable and green
strategy to enhance the CO, capture capacity and
selectivity of biomass-based porous carbons. The results
offer a scalable pathway for designing low-cost, high-
performance adsorbents for post-combustion CO;
separation.
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