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Carbon dioxide (CO3) capture is critical for emission reduction. Biochar is a promising adsorbent for CO, capture.
In this work, the effect of relative humidity and biochar activation with steam or KOH treatment on CO; capture
was investigated. The results demonstrate that the biochar sample activated by KOH has a high CO; capture
capacity (50.73 mg g~!). In addition, the biochar after 1.0 h of steam treatment showed a carbon capture ca-
pacity of 38.84 mg g1. The results also show that the capture ability of biochar decreased as CO, concentration

decreased from 100% to 15%. The relative humidity had a negative impact on CO3 capture over biochar. The
CO, capture capability of biochar materials treated by steam decreased by a range of 31.38%-62.89% as the
relative humidity rose from 8.8% to 87.9%. Furthermore, the lifetime of biochar samples at various relative
humidity shows that increased relative humidity had a negative impact on CO; adsorption due to water mole-

cules occupying active sites.

1. Introduction

The increasing concentration of carbon dioxide (CO2) results in the
challenges of climate change, especially the extreme weather phenom-
enon [1]. As a result, significant efforts have been made to reduce CO,
emissions, and carbon capture, such as membrane separation, solvent
absorption, and sorbent adsorption, is one of the most promising tech-
nologies [2,3]. Amine solution as a liquid phase sorbent is the current
industry practice for CO, capture. Despite being considered a
state-of-the-art process, it has a large energy penalty, and the sorbent is
corrosive to instruments [4,5]. Compared to amine-based sorbents, solid
sorbents have the advantages of lower capital costs, higher efficiency,
and less waste generation [6,7].

Among the reported solid sorbents (such as MOFs [8] and silica [9])
for carbon capture, biochar produced from biomass pyrolysis under an
inert atmosphere with a low capital cost has attracted extensive atten-
tion [10]. Biomass materials used to produce biochar are calcined (also
known as pyrolysis) at moderate temperatures (generally lower than
700° Celsius) in an anaerobic or infinitesimal-oxygen atmosphere to
produce porous biochar materials with high carbon content and multiple
elements [11]. Wood-derived biochar has been regarded as high carbon
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content material [12], illustrating a high potential for biochar activation
and modification. Significantly, Lehmann [13] estimated that the utili-
zation of biochar as sorbents has the potential to absorb up to 1 giga-
tonne (Gt) of greenhouse gases per year, which was more than 10% of
total global emissions. Coincidentally, the reason why biochar has such a
promising future application in carbon capture is that it has the majority
advantages: 1) numerous biomass wastes can be used as the feedstock of
biochar production, such as agricultural waste, animal husbandry waste,
and municipal sludge [12]; 2) further application of spent biochar can be
utilized in other fields like wastewater treatment [14] and glass pro-
duction [15] to achieve the maximum utilization efficiency; 3) Biochar
shows more desirable adsorption properties when applied to bulk gas
adsorption applications due to its cost and environmental sustainability
compared to organic chemicals such as MOFs [16]; 4) Biochar can be
highly malleable according to the different activation processes. Here,
surface area, porosity, and surface functional groups all need to be
addressed to improve CO» capture.

Chemical and physical activation is typically applied for biochar
activation to enhance CO; capture capacity and improve surface prop-
erties. Chemical activation uses acids (e.g., H3PO4 and H3SO4) [17,18],
strong alkalines (e.g., KOH and NaOH) [19,20], or salts [21] as activa-
tion agents, resulting in high surface area and porosity. Chemical
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Abbreviations

MOF metal organic framework

TGA thermal gravity analysis

TPO temperature programmed oxidation

BET Brunauer-Emmett-Teller

SEM scanning electron microscopy

ATR-FTIR attenuated total reflection - Fourier transform infrared
spectroscopy

activation is more efficient than physical activation in creating biochar
porosity, but it has a more complex technique and higher expense, as
well as the possibility of secondary environmental pollutants [10].
Biochar samples generally need to be brought into complete contact
with the alkaline agents at room temperature by physical mixing or
impregnation before calcination at high temperatures (300 °C-700 °C),
and the unstable carbonous char corrodes during the reaction and
generates a porous structure. In comparison, physical activation uses
inorganic compounds as the activation agents, such as HyO [22] and CO,
[23]. Typically, steam activation is a process whereby the introduced
water molecules enter the internal structure of the biochar and react
with the unstable char to produce gases such as carbon monoxide, which
is a simple process that is extremely friendly to the environment.
Furthermore, the reported activation conditions for steam activation are
basically at a higher temperature and longer duration time [24].
Moreover, the surface area of the same biochar increases as the physical
activation temperature rises for the same activation time, which is
because the activation process is a heat absorbing (endothermic, AH<0)
reaction [25] and the higher the temperature, the more intense the re-
action, which is more favourable to biochar pore formation. In addition,
the activation residence time is also a significant influence. Theoreti-
cally, the longer the activation time, the more the carbon reacts to the
water vapor, but Demiral [26] has shown that redundant activation time
can lead to a breakdown of the porous structure and thus a decrease in
the specific surface area. Therefore, the activation process of biochar is
characterized by several factors that need to be considered and the
compatible activation conditions found.

Nevertheless, various activation methods would produce more suit-
able properties for carbon capture. The works commonly reported that
the adjustment of microporosity is more necessary for high COy
adsorption performance among surface morphology properties [27]. For
example, KOH-activated bamboo charcoal demonstrates a 15% CO5
adsorption capacity of 1.50 mmol g’1 at 25 °C [28]. Also,
wood-pellet/food waste biochar activated with KOH and CO, show a
CO,, adsorption capacity of ~1.22 mmol g~ and ~1.18 mmol g~! at
25 °C, respectively [29]. However, the previous works did not investi-
gate the correlation between textural properties and CO; capture per-
formance. Therefore, it is necessary to introduce more performance
about steam- and KOH-activated wood-pellet biochar applied in carbon
capture. Additionally, concerning the application of biochar as the sor-
bent for carbon capture, some factors such as raw materials, tempera-
ture, pressure, and humidity can affect the performance of CO, capture
[30,31]. Although studies have shown that temperature and pressure
greatly influenced CO, capture [29,32], few studies have explored the
influence of relative humidity (RH) in CO5 sources on biochar adsorp-
tion performance. It is noted that RH is an important factor in the
practical application of carbon capture using biochar. The moisture
content is known and varies from 150 to 108 g per kilogram of dry gas in
the industrial exhausted flue gas. A few studies investigated the influ-
ence of RH on carbon capture using solid sorbents, such as activated
carbon fibers (ACF) [33]and metal-organic frameworks (MOFs). Their
results showed that the relative humidity weakened CO; capture due to
the competition from CO; adsorption by HyO [34]. A humid
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environment increased the swelling of polymer membranes (CO, sor-
bent) and caused the reduced efficiency of CO2 capture [35]. However,
to our best knowledge, the influence of RH on CO5 capture using
biochar-based sorbents has not been well understood under different
conditions.

Herein, this work investigated the influence of relative humidity on
the CO, capture capacity over biochar using thermogravimetric analysis
(TGA) and fix-bed reactors. More importantly, the effect of biochar with
different properties after activation using KOH and steam was studied to
understand the relationship between the properties of biochar and the
CO4, adsorption to achieve the desired properties of biochar to enhance
the CO; capture capacity in the presence of water. In addition, the sta-
bility of biochar under different humidity conditions was investigated to
investigate the working life of BC-Steam-1.0h for CO3 capture.

2. Experimental
2.1. Activation of the biochar

The biochar (BC) used in this work was produced from EN1 Grade A
wood pellets by Enertecgreen Ltd. The precursor (BC-Raw) was sieved
with a size below 500 pm and dried in an oven overnight at 105 °C. The
dried sample was named as BC-Raw. For the biochar activation, around
5 g BC-Raw was placed into a fixed bed reactor and then heated to
850 °C at a nitrogen gas flow rate of 100 ml min™'.

For steam activation, a syringe pump was used to introduce water at
a flow rate of 10 ml1 h™? to introduce water vapor carried by nitrogen gas
at a gas flow rate of 100 ml min . The activation temperature was set at
850 °C, while the activation time was varied with 0.5, 1, and 1.5 h,
where the derived samples were denoted as BC-Steam-0.5h, BC-Steam-
1.0h, and BC-Steam-1.5h, respectively. For the chemical activation, the
biochar sample was physically mixed with solid potassium hydroxide in
a mass ratio of 2:1 and 1:1 by grinding with a mortar and pestle. Af-
terward, the sample was calcined at 850 °C for 1 h in a tube furnace
under an Ny atmosphere of 100 ml min~'. Finally, the sample was
washed with deionized water until PH neutral and dried at 110 °C for 8
h. The obtained samples with biochar and KOH mass ratios of 2:1 and
1:1 were denoted as BC-KOH-2:1 and BC-KOH-1:1, respectively. For
comparison, KOH solution was impregnated on dried wood-pellet bio-
char at a mass ratio of 1:1 for 4 h to investigate the effect of different
KOH activation methods. That dried biochar sample was then calcinated
at 850 °C for 1 h under Ny atmosphere (100 ml min’l), noted as BC-
KOH-Imp.

2.2. Biochar characterization

The elemental analysis (composition of C, H, and N) of the biochar
samples was carried out using CHNS Element Analyser (PerkinElmer
PE2400). Temperature programmed oxidation (TPO) analysis was tested
by TA Instruments TGA 2950 thermogravimetric analyzer (TGA) under
an air atmosphere to measure moisture, ash, and volatile matter con-
tents. 20 mg sample was heated to 850 °C at 10 °C min~! under Ny
flowing (100 ml min~1) to obtain the content of moisture and volatiles.
The presence of functional and aromatic groups on the surface of biochar
samples was determined by ATR-FTIR (PerkinElmer Spectrum II Spec-
trometer), and the spectra in the range of 3000-1400 cm™! band were
analyzed. The surface morphology and pore structure of the material
was determined by scanning electron microscope (SEM) using JEOL
JSM-6610LV, and the distribution of elements on the surface of samples
was monitored by Energy Dispersive X-Ray Analyser (SEM-EDX). Sur-
face area, pore volume, and the specific surface area (BET) and pore
structure were measured with a Quantachrome instrument, using the
adsorption of N3 at the liquid nitrogen temperature.
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2.3. CO3 capacity test

Fig. 1 shows the schematic diagram of the process of CO, capture.
Carbon capture was carried out at room temperature (25 °C) using a
horizontal tube furnace. Around 1 g activated biochar sample was
placed in a quartz tube (20 mm out diameter and 600 mm length) with a
gas flow rate of 100 ml min~! under pure CO; or 15% CO5 (contained
85% Ny) selected as the simulated flue gases. CO, was bubbled through
the humidity control system to introduce moister into the sorbent-
contained quartz tube. The value of RH was adjusted by using a RH
regulator using an ice and water bath to control the temperature. During
the desorption of COj, the temperature was increased to 70 °C to release
the captured CO; and regenerate the biochar. The concentration of CO,
during the process was analyzed with a Kane 457 gas analyzer. The
capacity of CO, capture (Cp,) was calculated according to the integral
area (S) after subtracting the dead volume, as shown in Eq. (1):

S*y*Mco,
Cm = 1
Vi *Mpc W
where y is the gas flow rate; Mo is molecular weight 44.01 g mol™; Vi
is gas molar volume 22.4 L mol~!; Mg is mass of added biochar sorbent.

3. Results and discussion
3.1. Characterization of wood pellet derived biochar

The results of the proximate analysis and element analysis of the
biochar samples are shown in Fig. 2(a) and Table 1. The weight loss of
the samples is addressed in Fig. 2 (a). As shown in Table 1, for the
biochar samples produced from different activation conditions, the
contents of fixed carbon are similar, which are between 82.34% and
89.99%. In the meantime, it can be seen from the element analysis in
Table 1 that the amounts of carbon in all the biochar samples account
are from 81.57% to 88.01%, whilst the other elements are relatively low.
Compared with the other reported biomass feedstock (such as digestate
and sludge with 33.55% and 38.94% of C) [29], the biochar used in this
work has a higher carbon content, which may be related to the
pre-treatment of wood pellet.

The reduction of volatile matter contents after pyrolysis is ascribed to
the oxidation reaction between volatiles of biochar and steam or KOH
[36]. In addition, it is noted that the BC-KOH-Imp sample prepared by
impregnating KOH solution on raw biochar shows the highest ash con-
tent of 37.98%. The main components of ash are metal oxide, carbon,
and silica [37]. Compared to the physical dry mixed KOH treatment,
organic matter in biochar could be removed entirely by KOH solution
during impregnation, and K-contained chemicals could react with

>?<?
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carbon sufficiently, which results in the high ash content of
BC-KOH-Imp. According to the literature, the increasing composition of
ash might be due to the introduction of KOH [20], and potassium oxide
in BC-KOH-Imp was more difficult to be removed than BC-KOH-1:1.

To further analyze surface morphology, the ATR-FTIR analysis was
carried out. The results are shown in Fig. 2(b). It can be seen the pres-
ence of abundant oxygen-containing and carbon-based functional
groups on the surface of the biochar samples. The C=0 groups on each
sample at the wavelength range of 2000-1650 cm ™! are assigned to the
aromatic C-H group bending. Moreover, the peaks in the range of
2400-2000 cm ™! corresponded to the central double bond groups, such
as 0—=C=—0, C=N, C=C=C. In addition, compared to other biochar or
activated carbons, wood-pellet biochar showed less intensity in the
range of 3500-2500 cm ™, because the surface functional groups (e.g.,
—OH at ~3500 cm 1) were relatively stable under the high-temperature
(850 °C) activation [39].

The morphology of the biochar samples is further analyzed using
scanning electron microscopy (SEM) in Fig. 3. The BC-Raw sample
demonstrated a rough and microporous surface (Fig. 3(a)). After acti-
vating the raw biochar sample by steam, the surface of the sample shows
uniform tubular structures across the biochar surface (Fig. 3(b-d)).
Fig. 4(e-f) shows that chemical activation using KOH could also lead to
the generation of pores inside the biochar samples, providing a tubular
structure. However, it seems that the surface structure of BC-KOH-1:1
(Fig. 3 (f)) was destroyed by the over-reaction between excess KOH
and biochar.

The surface and porosity properties of the biochar samples were
tested using the low-temperature N adsorption, as shown in Table 2 and
Fig. 4. It shows that the raw biochar material (BC-Raw) exhibited a
specific surface area of 130.5 m? g ! and a pore volume of 0.17 cm® g 1.
After the activation by different methods, a significantly increased sur-
face area of 854.7 m? g ! (BC-Steam-1.0h) and 713.5 m? g~} (BC-KOH-
1:1) was observed. It is noted that the specific surface area of the biochar
derived from wood pellet in this study is higher compared to other re-
ported biochar using the same activation method (such as whitewood
biochar with 664 m? g’l) [20]. Additionally, the surface area of the
steam-activated biochar is decreased when the duration time was
extended from 1.0 h to 1.5h, which illustrates the possibility of a
reduction in surface area due to the over-activation [26]. The BC-Raw
sample exhibited an average pore diameter of 52.37 A, and
steam-activated samples show higher pore diameters of 36.62-42.05 A
than the KOH-activated biochar. However, biochar samples activated by
KOH show the smallest average pore diameters compared to other BC
samples. In contrast, three KOH activated biochar exhibit a higher ratio
of Smicro Versus Speso (Table 2) and more mesopores (Fig. 4(b)), which is
consistent with the report that micropores, mesopores, and micro/meso
combined pores could be generated during KOH activation [19,20].

Thermal detector

Sample
Quartz tube

-

./

co, N,

| |
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)

Gas analyser

RH detector

RH regulator

Fig. 1. Schematic illustration of the setup used for CO, adsorption and desorption.
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Fig. 2. (a) TGA-TPO and (b) ATR-FTIR spectrums of biochar samples.
Table 1
Proximate analysis results and element analysis of CHNS contents.
Sample Proximate Analysis (wt. %) Elements Analysis (wt. %)
Moisture Volatile matter Fixed carbon Ash C H N S o}

BC-Raw 1.53 7.48 86.17 4.71 88.01 1.14 0.33 <0.30 10.22
BC-Steam-0.5h 2.26 4.54 83.80 9.40 86.56 0.47 <0.30 <0.30 12.37
BC-Steam-1.0h 1.87 2.83 88.81 6.62 81.64 0.69 0.34 <0.30 16.31
BC-Steam-1.5h 1.73 3.33 87.28 7.66 87.65 0.76 <0.30 <0.30 10.99
BC-KOH-2:1 2.62 8.81 82.34 6.29 84.17 0.70 0.51 <0.30 14.32
BC-KOH-1:1 1.24 6.38 89.99 2.38 81.57 0.68 0.54 <0.30 16.91
BC-KOH-Imp 1.27 5.48 55.27 37.98 84.86 0.48 <0.30 <0.30 14.06

@ Oxygen content was obtained by weight differences [32,38].

3.2. CO2 adsorption performance using different biochar samples

The CO; adsorption test using the prepared activated biochar sam-
ples was carried out over both 15% and 100% CO» concentrations CO».
As shown in Fig. 5 (a), the raw biochar (BC-Raw) sample shows the
lowest capacity of CO; capture, which is 10.45 mg g~! for 15% CO,
capture and 22.16 mg g~! for 100% CO, capture. The capacity of CO,
capture over the BC-Raw sample is increased over the sample after
activation treatment. For example, 15% CO, capture capacity is
increased to 11.44-25.50 mg g~ ! for steam-activated biochar and
20.60-50.75 mg g~ ! for KOH-activated biochar. As expected, the bio-
char adsorbents show around 50% higher carbon capture capacity in a
100% CO; atmosphere than in a 15% CO,. The higher partial pressure of
CO4, benefits the adsorption of CO5 in biochar [29].

For comparing the activation conditions, the CO, capture capacities
of the steam-activated biochar samples are decreased from 38.30 mg g~ *
to 26.60 mg g~ in a pure CO, atmosphere with the increase of steam
activation time from 0.5 h to 1.5 h. It is suggested that CO, adsorption
capacity was closely related to biochar morphology which was affected
by the activation time. Especially, the micropores show a crucial role in
carbon capture [40], which is in line with the results obtained in Table 2
and Fig. 5(c) and (e). According to the results from Plaza et al. [41], the
CO, adsorption capacities of the evaluated samples decreased as tem-
perature and activation time increased. Fundamentally, activation time
shows a clear effect on biochar surface texture, and CO, capture ca-
pacities can be affected due to the morphology variation. However,
based on the obtained results, the BET surface area, mesopore surface
area, and total pore volume are not directly related to carbon capture
capacity. A previous study suggested the effect of calcination time on
activated carbon pore size distribution [42], and the micropores volume
below 0.6 nm was an important influence factor on low-temperature
carbon capture [43]. In the meanwhile, due to the different average
pore diameters caused by different activation time and methods (shown
in Table 2), it has also been reported that COy adsorption behavior is
related to average pore diameter [41,43]. Therefore, the factors that

determine the CO, adsorption capacity of biochars are complex, but
micropores are crucial in the role of CO, capture.

In particular, the biochar samples activated by KOH show a higher
capability for carbon capture compared to the steam-activated biochar
samples. As shown in Fig. 5 (a), when the biochar sample was changed
from BC-Raw to BC-KOH-1:1, the capacity of CO, capture increase from
10.45 mg g~ ! to 25.50 mg g~ ! at 15% CO, and 22.16 mg g~ to 50.75
mg g~ ! at pure COs. Although steam activation and KOH activation were
accomplished by removing carbonaceous species from biochar to change
biochar morphology [19], KOH could also adjust the pH of biochar
adsorbents [44]; the introduction of alkaline species could enhance the
absorption of CO,. Furthermore, BC-KOH-1:1 shows a slightly higher
CO capture capacity than BC-KOH-2:1. The work from Hong [45]
demonstrated that biochar activated by a higher dosage of KOH had
higher CO, capture ability due to the high concentration of KOH. It is
indicated that the morphology and porosity of biochar might not be a
dominant factor for carbon capture for the KOH-activated biochar
samples. Therefore, the increase in KOH/C mass ratio enhances the
specific surface area, total pore volume, and micropore volume, sup-
porting the increase of the capacity of CO; capture with the increase of
KOH addition [45,46].

3.3. Influence of relative humidity on CO2 capture

The influence of relative humidity (8.8%, 30.7%, and 87.9%) on
carbon capture was further investigated using a 15% CO» concentration.
As shown in Fig. 6, at 8.8% relative humidity, the chemical activation
produced biochar samples show a higher adsorption capacity than the
steam-activated biochar samples. For example, BC-KOH-Imp shows the
highest CO4 capture capacity (3.69 mg g’l). Moreover, with increasing
relative humidity, the capacity of CO capture is significantly reduced,
particularly for the biochar samples activated by KOH. For example, the
adsorption ability of BC-KOH-1:1 and BC-KOH-Imp decreased by
62.89% and 61.17%, respectively, when the RH was increased from
8.8% RH to 87.9% RH. In general, the presence of a high water vapor
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Fig. 4. (a) Nitrogen adsorption-desorption BET isotherm of wood pellet biochar samples; (b) pore distribution of wood pellet biochar samples.

concentration in the introduced CO, gas interferes with the CO,
adsorption by biochar samples [47]. Previous studies suggested that CO3
capture capacity using porous adsorbents was affected under humid
conditions; the adsorption capacity of the sorbents under moisture could
be reduced by 73% compared to dry conditions [34]. It is suggested that
water molecules have higher polarity and binding energy with adsor-
bents, resulting in the occupation of the active sites of sorbent [33,48].

Interestingly, although the steam-activated biochar samples have a
lower CO; capture capacity than the chemical activation samples, the
increase of RH shows a minor influence on the steam-activated samples
in relation to COy capture capacity. Compared to the KOH activation
biochar samples (61.17% and 62.89% decreased), the capacity of COy
adsorption decreased by 31.38%-43.41% for the steam activation bio-
char samples. From the results of Fig. 6 and Table 2, it seems that
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Table 2

The BET surface area, pore volume, and average pore diameter of biochars.
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Vinicro (cm® g1

Average Pore Diameter A)

Sample Sper’ (m2 g~ 1) Smicro” (m? g™") Smeso’ (m*g™") Veotal (em® g71)
BC-Raw 130.5 22.8 137.1 0.17 0.01 52.37
BC-Steam-0.5h 475.1 288.8 297.6 0.42 0.1 36.62
BC-Steam-1.0h 854.7 478.5 604.8 0.89 0.22 42.05
BC-Steam-1.5h 658.2 372.1 488.9 0.69 0.17 41.71
BC-KOH-2:1 411.0 383.8 200.0 0.34 0.18 29.93
BC-KOH-1:1 713.5 585.8 309.0 0.46 0.25 25.76
BC-KOH-Imp 707.4 564.1 308.8 0.46 0.24 26.07
@ BET surface area.
b t-plot method.
¢ BJH method.
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moisture significantly affects the porous biochar with a higher ratio of
micropores. The steam-activated biochars exhibit more macro- and
mesopores, which would demonstrate high rates of CO5 transportation,
whilst the high ratio of micropore shown by KOH-activated biochar
provides effective CO, adsorption and adequate active sites [49].
Moreover, high N and O content (Table 1) in the KOH-activated biochars
could generate more surface functional groups, which can improve the
surface polarity of chemical-activated biochar more than that derived
from the physical activation. Thereafter, the high polarity of biochar
could enhance moisture retention and result in the negative effect of
moisture on CO, adsorption [38]. Hence, relative humidity has a
negative effect on biochar materials that mainly utilize physisorption of
COo; thus, it suggested that chemically activated biochars with abundant
microporosity and high polarity should require more attention
regarding the influence of moisture.

The stability of the prepared biochar was further investigated using
BC-Steam-1.0h for 35 cycles of CO5 absorption/desorption at 8.8% RH
and 87.9% RH. As shown in Fig. 7, the adsorption capacity is maintained
at about 2.20 mg g~ ! at 8.8% RH. It is indicated that the adsorption and
desorption process with temperature swing had little influence on the
adsorption capacity at low moisture conditions. This is consistent with
the literature demonstrating that biochar had high stability under a dry
CO, atmosphere [33]. However, when the relative humidity was 87.9%,
the stability of BC-Steam-1.0h was reduced from 2.0 mg g~! to 1.0 mg
g~ ! after 25 cycles of adsorption/desorption. A pinewood
sawdust-derived activated carbon [50] exhibited a stable CO; uptake of
1.8 mmol g’1 after nine cycles. In addition, an activated carbon [47]
showed CO5 adsorption capacity decreased by 18% after several cycles.
Therefore, competitive water vapor adsorption may not be immediately
apparent due to the delayed adsorption of HyO for biochar with
microporous pores as the primary means of adsorption [51]. However, if
the adsorption time or the number of cycles is sufficiently long, water
vapor molecules will occupy the CO, adsorption sites and cause a
decrease in adsorption.

Importantly, since the moisture effect of carbon capture has been
investigated, reducing the humidity in the flue gas and improving the
adaptation of the biochar to work in high moisture conditions is
necessary. In practice, removing moisture from the flue gas or air would
incur a high cost, and direct air capture may play an important role in
reducing atmospheric CO,. Therefore, biochar modification to increase
the surface hydrophobicity need to be improved. Although biochar was
mostly hydrophobic, the surface modification would improve the CO2
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Fig. 7. Stability exploration of BC-Steam-1.0h at 8.8% RH and 87.9% RH in
15% CO atmosphere.

adsorption ability and the hydrophobicity [38]. As reported by Ding
et al., the dynamic CO; capacity under humid conditions reached a 94%
retention rate after modifying the adsorbent with functional groups and
organic components (polynaphthylene) [34]. Consequently, introducing
polarity functional groups can be an essential method for modifying
biochar.

4. Conclusion

Wood pellet derived biochar with different activation methods is
demonstrated as a potential sorbent for carbon capture of CO5. The re-
sults illustrate that biochar with a predominantly microporous
morphology has a higher CO3 capture capacity; For example, BC-KOH-
1:1 shows the CO, uptake of 50.75 mg g~ and BC-Steam-1.0h ex-
hibits the CO, capture capacity of 38.30 mg g~ . Moreover, carbon
capture capacity is decreased by 62.89% for all the investigated samples
when the relative humidity increased from 8.8% to 87.9%. Indeed, the
adequate microporous structure of KOH-activated biochar results in a
greater effect of relative humidity on its CO, adsorption performance,
which suggests that water molecules may occupy the micropores leading
to a reduction in CO3 capture. Furthermore, the stability of CO4 capture
using the BC-Steam-1.0h sample was stable at 8.8% RH, while the ca-
pacity of CO; capture was largely reduced at 87.9% RH after 35 cycles of
adsorption/desorption. Consequently, it is suggested that moisture in
the CO5 source should be pre-removed prior to the carbon capture
process, while it is necessary to improve the stability and adsorption
efficiency of adsorbents at high relative humidity.
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