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Abstract Typically, the hydroxide agents, such as
sodium hydroxide and potassium hydroxide, which have
corrosive properties, are used in the carbon activation
process. In this study, potassium oxalate (K,C,0,), a less
toxic and non-corrosive activating reagent, was used to
synthesize activated carbon from the solid residue after
autohydrolysis treatment. The effect of the autohydrolysis
treatment and the ratio of the K,C,0,/solid residue are
presented in this study. Moreover, the comparison between
the activated carbon from bamboo and biochar from the
solid residue are also reported. The resulting activated
carbon from the solid residue exhibited a high surface area
of up to 1432 m?-g™' and a total pore volume of up to
0.88 cm’-g~!. The autohydrolysis treatment enhanced the
microporosity properties compared to those without
pretreatment of the activated carbon. The microporosity of
the activated carbon from the solid residue was dominated
by the pore width at 0.7 nm, which is excellent for CO,
storage. At 25 °C and 1.013 x 10° Pa, the CO, captured
reached up to 4.1 mmol-g~'. On the other hand, the ratio
between K,C,0, and the solid residue has not played a
critical role in determining the porosity properties. The
ratio of the K,C,0,/solid residue of 2 could help the
carbon material reach a highly microporous textural
property that produces a high carbon capture capacity. Our
finding proved the benefit of using the solid residue from
the autohydrolysis treatment as a precursor material and
offering a more friendly and sustainable activation carbon
process.
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1 Introduction

Currently, climate change and global warming have been
significant threats worldwide. Their main causes are
greenhouse gas and carbon dioxide emissions from
burning fossil fuels [1]. Many efforts have been
developed to reduce carbon dioxide emissions, focusing
on CO, capture and adsorption [2,3]. Although the amine
solution is considered as a mature method for CO,
capture, it has a significant energy penalty and instrument
corrosive [4]. Thus, biochar, with an effective cost and
high-efficiency capture capacity, is a promising material
for carbon dioxide storage [5,6].

Biochar is a material produced from biomaterials, such
as wood and bamboo, and is pyrolyzed at high
temperatures with low or no oxygen [7]. The advantages
of biochar that make it occupy an important position in
CO, capture are that it can be made from many kinds of
waste materials [8,9]. Thus, this material is more
environmentally sustainable and cost-effective than a
metal-organic frame [10,11]. Among the prospective
biochars, bamboo is an abundant renewable resource with
more than 1600 species and 36 million hectares
worldwide [10,12]. Bamboo is well known as one of the
fastest-growing trees and has had many applications in
our lives for thousands of years, including biochar,
handicrafts, furniture, and construction material [13—15].
The market value for bamboo products was more than 3.7
billion US dollars as of 2019 [16].

The bamboo shoot is known as a healthy food with
plenty of acid amines and vitamins necessary for our
bodies [17]. Furthermore, extractive components from

bamboo culms and leaves, including sugar (i.e.,
polysaccharides, xylooligosaccharides), are attractive
resources for food additives and pharmaceuticals,
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including antioxidant and cancer treatments [18,19].
Sugar from biomass, such as bamboo, can be extracted by
physical pretreatments such as autohydrolysis, hydrother-
mal, and chemical pretreatment methods, including
alkaline extraction and acid extraction [20—22]. It has
been stated that the pre-treatment process is necessary
and is a promising method for increasing the extraction
yield [20]. In addition, the proper pretreatment process
can improve the cost efficiency and the overall process
[22].

Autohydrolysis provides an attractive alternative
utilization for the chemical methods due to its advantages,
including: (1) environment-friendly with no chemical
requirement; (2) less corrosive for the equipment than the
acid pre-hydrolysis; (3) greater yields of products with
low byproducts compared to chemical methods since
steam does not remove the uronic acid group and acetic
[23], and (4) higher cost-efficient than other methods
[21,24]. Autohydrolysis, also referred to as ‘“steam
explosion” is a process that uses an operation with steam
at about 200 °C then suddenly drops to atmospheric
pressure [21,25—27]. Steam can be performed as a weak
acid with the biomass, and the acetyl group released from
the hemicelluloses can also act as a source of acid. Sugar
can then be released into the liquid phase due to the
cracking of the glycosidic bond within the xylan and de-
polymerization of the hemicelluloses by hydronium ion
catalysis [28,29].

By steam autohydrolysis with the proper treatment
conditions, the sugar compound as xylooligosaccharides
could be extracted from different bamboo products
[21,26,28,29]. Similarly, bamboo culm is produced for
sugar extraction at different temperatures and times. It
was indicated that the maximum yield of 47.49% was
achieved at 180 °C for the xylooligosaccharides with
fewer other products [26]. The total reducing sugar was
obtained from the bamboo by high-pressure hydrolysis
treatment in a range of temperatures. The study revealed
that the total sugar yield gained at about 42% with a
temperature of 180 °C [21]. However, from our best
search of the literature, the solid bamboo residue from the
autohydrolysis process has still not been utilized.

Khuong et al. [30] described the effect of temperature
on the sugar production from bamboo. From their result,
the authors stated that the maximum yield of sugar could
be extracted at around 200 °C. Additionally, a mixture of
bamboo and water was treated by a hydrothermal method
that is similar to autohydrolysis at 200 °C for 2.5 h.
Afterward, the solid residue from the hydrothermal
process was activated by physical and chemical methods
for CO, capture with a relatively high capacities [31-33].
CO, capture by biochar is a promising strategy to reduce
the CO, emissions in the environment. Although CO,
adsorption from biochar has been developed, more efforts
are needed to make more effective and economical
products such as activated carbon with physical and

chemical methods [34]. Conventionally, the activated
carbon by chemical methods consumes less energy and
activation time than those by physical processes, making
chemical activation more efficient than physical
modification [35]. KOH is a popular chemical reagent
that has been commonly used for biochar activation.
However, it has a limitation due to its corrosive character
and is highly toxic [36]. Thus, the application of more
environment-friendly chemical activators, such as K,CO,
[33] and potassium oxalate (K,C,0,) [37,38], are more
attractive to the user’s attention. Furthermore, compared
to KOH and K,CO,, several biomass materials activated
by K,C,0, demonstrated that they are more favorable for
CO, capture. The activation with K,C,0, produces high
texture characteristics, such as a specific surface area and
well-developed micropores, that are suitable for CO,
capture [37,39,40]. Thus, we hypothesized that the
activation by K,C,0, with a solid residue from bamboo
steam treatment would produce a high-performance
porous carbon for CO, adsorption due to its pore
distribution and surface area properties. In this study, we
aimed to extract sugar from bamboo chips then the solid
residue was synthesized using K,C,0, at different ratios.
Thereby, we investigated the activation mechanisms and
simultaneously estimated the CO, adsorption capacities
of the products using scanning electron microscopy
(SEM), Fourier-transform infrared reflection (FTIR), and
Raman spectroscopy.

2 Experimental

2.1 Raw material and chemical reagent

Bamboo chips were bought from a local provider in
Fukuoka, Japan (Bamboo Techno Co., Ltd.). The chips
were sieved using a screen with the size of 250 pum (60
mesh), then dried to a constant moisture content and
stored in a desiccator. The chemical reagent, potassium
oxalate monohydrate (K,C,0,-H,O, 99%), was
purchased from the Wako Pure Chemical Corporation.

2.2 Autohydrolysis treatment

Five grams of sieved bamboo chips was put in a beaker
and placed in a Teflon container that contained 10 mL of
distilled water. The bamboo powder was separated from
the distilled water in the Teflon container (Fig. S1, cf.
Electronic Supplementary Material, ESM). The Teflon
container was positioned inside an autoclave (HU-100,
Sanai Science Co., Ltd., China). And then, the autoclave
was heated in an oven kiln (Natural Convection Oven,
DOV-300) which had already reached the desired
temperature. The treatment temperature and time were at
200 °C and 2.5 h, respectively. After the heating process
finished, the autoclave was immediately immersed in a
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water bath to halt the reaction. The sample was removed
from the autoclave when the temperature decreased to
ambient temperature. Subsequently, the steam-treated
sample was mixed with 45 mL of distilled water and
stirred for 1 h at room temperature. Later, the mixture
was separated into a solid residue and sugar solution by
vacuum filtration through filter paper. The pH and brix
values of the sugar solution were measured by a pH meter
(Horiba, Japan) and brix meter (As One), respectively.
The solid part was then dried overnight in an oven at 105
°C and stored for further activation use.

2.3 Activation of the solid residue

After the autohydrolysis treatment process, the solid
residue was activated. The steam-treated bamboo from
the previous autohydrolysis process was milled and
sieved using 60 mesh sieves to achieve a homogeneous
fine powder. K,C,0, was also ground into a fine powder,
then thoroughly mixed with the solid residue at the mass
K,C,0,/s0lid residue ratios of 1, 2, 3, 4, 5, and 6.
Afterward, the mixture was put into a ceramic boat, then
placed in a tube furnace heated to 800 °C at the heating
rate of 10 °C'min~! under 0.5 L-min~' flowing N,
(Fig. 1). The activation process was held at the target
temperature for 1 h under 0.5 L-min~! flowing N,. After
activation, the resulting carbon was cooled in flowing N,
until it reached room temperature. It was thoroughly
washed using deionized water to completely remove any
inorganic impurities. Finally, the activated carbon was
filtered by vacuum filtration, and the remainder was dried
overnight at 105 °C. The samples were labeled using the
weight ratio of the K,C,0,/solid residue and materials as
follows: BS K x or BB K x, where BS refers to the
bamboo residue after the autohydrolysis treatment, while
BB refers to the raw bamboo material and x refers to the
K,C,0,/solid residue ratio.

The K,C,0,/solid residue mass ratio of 1:1 (weight/
weight) was selected for analyzing the effect of the
activation temperature. Subsequently, the mixture was
heated for an hour at the activation temperatures of

500, 600, 700, 800, and 900 °C and heating rate of
10 °C-min~!. This process is prepared under flowing N,
at the rate of 0.5 L-min~!. The results were indexed as
BS K1 y, with y presenting the activation temperature.
Based on the N, sorption and CO, capture capacity of
samples BS K1 y, the activation temperature of 800 °C
was indicated as the optimal for the next experiment with
a different K,C,0,/solid residue ratio. The detailed
textural and sorption properties can be found in the
supplementary materials (Figs. S2 and S3, and Table S1,
cf. ESM).

The samples and bamboo materials were measured for
their ash content by combustion in a tube furnace for 3 h
at 600 °C in the ambient atmosphere. After burning, the
remaining residue ingredient was ash, and its content was
calculated as follows:

Weight of residue remaining

Ash content = x100%. (1)

Weight of initial materials

For comparison, the raw bamboo material was
pyrolyzed at 800 °C, then evaluated as only the ash
content (labeled BB_800).

2.4 N, adsorption/desorption and CO, uptake
measurements

Before all the adsorption/desorption measurements, the
samples were pretreated under vacuum conditions for
outgassing at 300 °C for 3 h. The adsorption/desorption
isotherms using N, were determined at 77 K (—196 °C) by
the Belsorp-mini II analyzer device (MicrotracBEL,
Japan). The surface area was calculated by the BET
method (Brunauer-Emmett-Teller) from the N, adsorp-
tion isotherms according to ISO 9277. The total pore
volume was calculated from the total nitrogen uptake at
the relative pressure of P/P, ~1. Additionally, the t-plot
analysis was applied to determine the micropore volume
and micropore surface area. The MP plot method, which
expanded the t-plot method, was used to calculate the
pore size distribution using the nitrogen adsorption data.
Likewise, the CO, uptake capacity at 298 K (25 °C) and
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Fig. 1 Schematic of tube furnace for activation and experiment process diagram.
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pressure of 1.013 x 105 Pa was measured using the
previously described sorption instrument.

2.5 FTIR, SEM, and Raman spectroscopy, and elemental
analysis

The functional groups on the sample’s surfaces were
analyzed by FTIR (JASCO Corporation, FTIR-4600 ATR
method, Ge prism) and the spectra band in the range of
4000-500 cm™! was investigated. The images of the
activated carbon were recorded using an energy disper-
sive X-ray analyzer (SEM-EDX, Japan) ERA-8800FE
(ELIONIX Inc., Tokyo, Japan) operating at a 15 kV
accelerating voltage.

The structure and graphitization of the samples were
analyzed using a Raman spectroscopy device (NRS-5100,
JASCO Corporation, Japan) with the beam excitation
wavelength of 532 nm. An elemental analyzer (Perkin-
Elmer 2400 Series II) was used to measure the elemental
composition of the samples.

3 Results and discussion

3.1 Characterization of the activated carbon

3.1.1 Yields and ash contents

After the autohydrolysis treatment, the sugar solutions pH
and brix were measured. The average value of the
solution pH was 3.14, and the mean value of the sugar
solution Brix was 2.03. Following the activation process,
the yields were calculated. Generally, the yield of the
activated carbon is described by the weight of the final
dry product after the activation process, soaking and
washing, then divided by the dry mass of the initial raw
resources [41]. In this report, the yields of the activated
carbon before and after the washing process by distilled
water were estimated to describe the activity of K,C,0,.
It can be found from Fig. 2 that the activated carbon
yields before the washing procedure were very high due
to the existence of a large amount of inorganic residuals.
As seen in Fig. 2, the range of the yields before the
washing increased from about 45% to nearly 67%. This
suggested that the decomposition of K,C,0, during the
activation process had not significantly changed, followed
by the increased K,C,0, weight. After removing the
inorganic salts, the yields of the activated carbon
drastically decreased. The presumed activation processes
are described by the following equations:

K.C,0, — K,CO; + CO )
K,CO, +2C — 2K +3CO 3)
K,CO; — K,0+CO, 4)

80

® Yield after pyrolized

70 H ® Yield after washing

Yield/%
) w I W o
S S IS S 1S

—_
(=)
T

K,C,0,/solid residue

Fig.2 Yields of carbons material after pyrolized and after
washing process.

C+CO, — 2CO )

Based on the equations, the carbon content in the
material reacted to generate the CO gas, which could be a
reason for the drastic yield decrease. The released gas
could be the agent to create abundant pores in the char’s
surface.

After the washing process acquired from the bamboo
residue, the activated carbon yields were similar, in the
range of 22.42%-24.13%. Compared to the activated
carbon prepared with K,C,0,, the yields of the activated
carbon without K,C,0, were slightly higher with a value
of 24.85%. It is noteworthy that the yield of the activated
carbon obtained from the raw bamboo material using
K,C,0, as an activator was the lowest at 10.11%. The
reason for this result could be explained by the fixed
carbon content in the materials before activation.
Typically, the high fixed carbon leads to a high yield of
the final activated products [42]. Additionally, this result
suggested that the hydrolysis process could produce a
higher fixed carbon than the no-pretreatment process. The
yields in this study were similar to the activated carbon
from sawdust [3] and lower than that from the glucose
and hydro char [2,43]. As expected, the reactivity during
the decomposition process of K,C,0, was milder than
that of KOH, leading to a higher yield of biochar [2,3].

It is important to note that the ratio between K,C,0,
and the precursor was not a critical factor in deciding the
activated carbon yield. The results in Table 1 show that
the ratio from 1 to 6 did not considerably affect the
yields. This result is consistent with a previous study [3].
However, this tendency was not observed for the KOH
activation, in which the ratio was the critical factor for the
char yields [44,45].

As described in section 2.3, the ash contents in the
activated carbon were calculated to determine the purity
of the final products by a combustion process. The high
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Table 1 Textural properties, elemental composition and CO, uptake capacities at 25 °C, 1.013 x 10 of carbons derived from bamboo

Sample Yield/% Ash/% SBZETbj{ Vto}talci/l szicrof)l/ Vmi}croej{ c/ H/ N/ Other"/ €O, uptal(le/
(m*>gh  (em’g) (@m*g!) (em’gh) wtw) (wt%) (wt%) ~(wt%)  (mmol-g™)
BS K 0 24.85 1.27 (5.57) 502.4 0.21 546.4 0.21 82.82 1.36 0.47 15.35 2.5
BS K 1 22.42 0.50 1262.0 0.58 1403.5 0.54 87.08 0.28 1.16 11.48 3.9
BS K 2 22.45 0.50 1361.8 0.65 1510.8 0.57 86.96 0.21 1.10 11.73 4.1
BS K 3 22.49 0.48 1416.6 0.71 1547.4 0.59 85.04 0.43 2.43 12.10 4.0
BS K 4 23.15 0.45 1374.2 0.75 1511.4 0.57 85.12 0.36 2.13 12.39 4.0
BS K 5 23.90 0.15 1326.1 0.75 1454.6 0.55 85.32 0.05 1.67 12.96 4.0
BS K 6 24.13 0.14 1431.7 0.88 1538.9 0.58 86.50 0.03 1.34 12.13 4.1
BB K 3 10.11 0.74 1412.7 0.89 1493.7 0.63 86.41 0.31 0.99 12.29 3.5

a) Value in parentheses is ash content of biochar from bamboo at 800 °C; b) BET specific surface area; c) total pore volume; d) micropore surface area;

¢) micropore volume; f) Other = 100 — C(wt %) — H(wt %) — N(wt %)

ash contents in the activated carbon could lead to a low
quality of the samples due to the pores being clogged and
reducing the pore volume and specific surface area.
Likewise, the high ash contents could hinder pore
development and reduce the sorption capacities [46]. In
this study, the samples were almost free of inorganic
impurities with an ash content in the range of
0.14%—-1.27% and the highest value for the biochar from
the solid residue without activation (BS_K 0). The ash
content of the BB_800 was found to be higher than that
of the bamboo residue precursor after the autohydrolysis
treatment process (BS_K 0). This result indicated that the
extractive contents decreased as a result of the
autohydrolysis. As a result, the ash content significantly
decreased from 5.57% in the biochar derived from the
pristine bamboo material (BB _800) to 1.27% in the solid
residue (BS K 0). Furthermore, the ash contents and
inorganic compounds present in the final product were
determined by both the chemical reaction between the
precursor and chemical activator, together with the
carbon pyrolysis process.

3.1.2 Elemental analysis

Table 1 shows the elemental contents data for some
samples prepared in this study. It can be seen that all the
activated carbon samples with K,C,0, contained a higher
amount of carbon elements than that of the sample
without activation. The data also indicated that the
content of the nitrogen element in the activated carbon
samples increased compared to the biochar sample
(BS_K_0). On the other hand, it is noted that the K,C,0,
ratio did not have a noticeable effect on the elemental
contents of the activated carbon. Besides, the elemental
contents of the samples from the raw bamboo material
and solid residue that activated with K,C,0, are similar.

3.1.3 N, sorptions isotherm and textural properties

Fig. 3 presents the N, sorption isotherms measured on
biochar and activated carbon obtained by the K,C,0,
synthesis with different precursor carbon materials. As
can be seen from Fig. 3, the isotherm was typically type I

600
*BS K 0o BS K 1
BS K 2+ BS K 3
500 f|-+BS K 4+ BS K 5
_ =BS K 65 BB K 3
= 400
-
E_‘
2 300
£
k)
< 200
100
O 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, P/P,

Fig.3 N, sorption isotherm at 77 K of products from bamboo
and solid residue.

according to the IUPAC classification [47]. Type I
describes the microporous structure where almost all the
N, uptake occurred at a very low relative pressure, at
P/P, < 0.1, owing to the micropore filling process. The
isotherm of raw bamboo material (BB_K 3) had a slight
broadening than the others with the adsorption linearly
increased up to a relative pressure of 0.4. It suggested the
presence of much wider micropores or mesopores inside
the BB K 3 sample [48,49]. Besides, the isotherms of
the solid residue activated with different ratios of K,C,0,
were very similar in shape and the N, sorption capacity
resembled the type I sorption. Regarding the isotherm of
the BS K 0 biochar, the sorption isotherm was the
lowest N, uptake among the samples. It is essential to
note that an increase in the amount of K,C,0, did not
critically affect the porosity. It is consistent with previous
studies [2,3] and suggests that the change in porosity and
sorption uptake could be from the autohydrolysis
treatment.

Table 1 lists the textural properties of the activated
carbons and biochar. It showed that the raw solid residue
biochar (BS_K 0) exhibited a BET specific surface area
of 502 m?-g~! and a pore volume of 0.21 cm>-g~!. After
the activation by K,C,0,, the BET surface area
significantly increased. The surface area of the solid
residue activated carbons was in the range of 1262-
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1432 m?-g”! with the total pore volume between 0.58
and 0.88 cm’-g~!. The surface area and pore volume
slightly increased as the amount of K,C,0, rose. How-
ever, the tendency was not clear for the ratio at 4 and 5.
Hence, the BET specific surface area and pore volume of
BS K 6 (1432 m?>g ! and 0.88 cm®-g !, respectively)
were greater than those of BS K 1 (1262 m?-g™! and
0.58 cm’-g~!, respectively). The pore size distribution
curves of the activate carbons activated with different
amounts of K,C,0, at 800 °C are indicated in Fig. 4, and
the micropore properties are described in Table 1. At a
glance, all the samples had a peak at 0.7 nm. However,
the pores with a diameter less than 0.7 nm cannot be
detected by the MP method, which is based on the t-plot
theory. Therefore, it can be said that the samples contain
many micropores with diameters smaller than 0.7 nm.
The higher amount of K,C,0, appears to raise the
microporosity both in the micropore volume and
micropore surface area.

The comparison between the different ratios of the
K,C,0 /raw bamboo material regarding the activated
carbon textural properties and CO, uptake capacity are
presented in Figs. S4 and S5, and Table S2 (cf. ESM). It
is noteworthy that the BB_K 3 sample had the highest
porosity properties and CO, capture capacity among the
activated carbons from bamboo. Thus, the BB K 3
sample was selected to compare the textural properties
and CO, sorption capacity with the other products from
the solid residue. The BB _K 3 sample had a greater
micropore volume than that of BS K 3 but a lower
micropore surface area than that of BS K 3. In general,
the direct activation between bamboo or the synthesis of
the solid residue with K,C,0, did not affect the porosity
of the products. It is also important to note that a
moderately small amount of K,C,0, can be used in the
activation process to improve the porosity.

3.1.4 Raman spectral and FTIR analysis

The disordered structures of the biochar and activated
carbons with different ratios of K,C,0,/bamboo are
illustrated by the Raman spectrum in Fig. 5. The band at

4

35 +BS K 0eBS K 1
~ BS K 2+ BS K 3
s 3t +#BS K 44BS K 5
= 5% #BS K 6 BB K 3
i
? 2k
< 15t
3 a0t
N

0.5 9

o L
0 0.5 1 L5 2

Fig. 4 Pore distribution of resulting carbons from MP-plot method.

around 1589 cm™' was assigned the G band, which was
ascribed to the stretching band of sp? atoms in the rings
and chains of graphitic materials. The G band referred to
the graphite structure. Besides, the D band at around
1331 cm™! referred to the disordered structure of the
carbon materials. Thus, the intensity ratios between the D
and G bands (/,//;) were used to measure the ordering in
the carbon materials structure. The higher value of the
ratio Ip/I; means that a higher disorder degree of the
carbon structures was observed [43,46]. Figure 5 revealed
that all the samples had amorphous structures since the
ratio Ij,/I; was greater than 1. Furthermore, Fig. 5 also
showed the independence between the I/l ratio and
K,C,0,/s0lid residue ratio. The highest value was
observed at the K,C,0,/bamboo ratio of 6 and the lowest
on the solid residue biochar without activation (BS_K 0).
The FTIR spectra were also investigated for all the
samples as presented in Fig. S6 (cf. ESM).

3.1.5 SEM images analysis

To further investigate, SEM images were used to evaluate
the changes in the bamboo and solid residue morphology
using the autohydrolysis process followed by
carbonization and activation. The SEM images of the
samples are shown in Fig. 6. As can be seen from the
figure, the BS K 0 sample showed a sheet-like non-
porous structure, while the sample with the K,C,O,
activation exhibited a sponge-like porous carbon
structure. This finding suggested that K,C,0, was a
promising chemical activation favored for generating the
porous structure [36,37]. Remarkably, the sample with

Iy/lo=1.07
BS K 6
I/l =1.02
BS K_5
BS K _ywﬁlm
a ~ U/, = 1.06
> [BS K 3/ gl
5 Iy/l,=1.01
E |BS K 2
I/, = 1.03
BS K_1
BS K 0/ I/la=1.00
BB K 3 ~——J/ls = 1.04]
2000 1600 1200 800

Raman shift/cm™!

Fig. 5 Raman spectrum of activated carbons and biochar from
bamboo and solid residue.
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Fig. 6 SEM images of biochar and activated carbons derived from bamboo.

the autohydrolysis treatment exhibited a sponge-like
structure that was a favorable pretreatment process for
porous carbon activation [37].

3.2 CO, uptake capacity

The CO, uptake of all the samples was measured at 25 °C
and 1 013 x 10° Pa pressure. The CO, sorption isotherms
are illustrated in Fig. 7, and the uptake capacity is
presented in Table 1. In fossil energy power plants, the
CO, uptake under ambient conditions with a pressure of
1013 x 10° Pa is regularly used for measuring the
performance of post-combustion adsorption from a gas
streams chimney [50]. In this study, the CO, uptake was
in the range of 2.5-4.1 mmol-g~!, with the highest CoO,
uptake for samples BS K 2 and BS K 6. It proved
that the CO12 uptake significantly improved from
2.5 mmol-g" for the biochar without activation
(BS_K 0) to 4.1 mmol-g! for the sample activated with
the K,C,0,/solid residue ratio of 2, then declined for the
samples with the ratio of 3, 4, and 5. However, the CO,
uptake for the BS_K 6 sample with the K,C,0,/solid
ratio of 6 also ranked with the highest capture capacity
among all the samples. This finding described that the
rising ratio of the K,C,0,/solid residue was not
beneficial for the CO2 capture capacity [2,3]. The value
of 4.1 mmol-g! is a very competitive CO, uptake
capacity compared to other research reported at the
ambient condition at 1.013 x 103 Pa and 25 °C. The
comparison data are shown in Table S8 (cf. ESM). It was
also found that the CO, uptake was improved by the
autohydrolysis treatment, where the capture capacity of
the BS K 3 sample was 4.0 mmol-g”' compared to
3.5 mmol-g~! for the BB_K_3 sample. The data sugges-
ted that the total pore and micropore volumes did not
significantly affect the CO, uptake capacity. Besides, the
data proved that the micropore surface area determined
the CO, capture performance. This result is obviously
seen in the data of the activated carbon from bamboo
(Figs. S2 and S3). In these figures, the surface area of
sample BB_K1 900 of 1458 m?-g"! is much greater than

4.5

BS K 0 ©BS
40 +BS K2 < BS_
35| +BS K 4 - BS_
|| =BS K 6 &BB._

=30}
&
S 25}
£
g

100

0 20 40 60 80
P/kPa

Fig.7 CO, sorption isotherm of products at 25 °C and 1.013 x 10° Pa.

that of sample BB_K1 600 of 724 m?>-g”!, but the CO
capture capacity of sample BB_K1 900 is 2.6 mmol-g*%
and significantly lower than that of sample BB_K1 600
of 3.3 mmol-g~!. Also, this result is consistent with the
previous studies that reported that the CO, uptake was
determined by the ultra-micropores [43] that are less than
0.7 nm [37,40] or between 0.6 and 0.8 nm [2,3].

The cost for 1 g activated carbon from steam-treated
bamboo solid residue with K,C,0, was estimated on an
experimental scale then compared to that of other
activated carbons from conventional activation agents
such as K,CO; and KOH. It is noted that the cost for 1 g
of products from the solid residue activated with K,C,0,
in this study is much cheaper than that of products from
KOH and K,CO; when comparing at a similar CO,
capture capacity (Table S7, cf. ESM). The reason can be
explained by the relatively high CO, capture capacity and
yield of K,C,0, with the solid residue at a low ratio of
chemical agent per material.

4 Conclusions

In summary, a highly microporous structure of activated
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carbon was produced from bamboo and solid residue after
the autohydrolysis treatment process by a more eco-
friendly chemical activator than using peroxide activator
agents. Activation of the solid residue with potassium
oxalate produced a high specific surface area (1262-
1432 m?-g!) with an outstanding CO, uptake capacity
(4.1 mmol-g ") at the ambient conditions of 25 °C and
1.013 x 10° Pa. The K,C,0,/solid residue ratio was not
the critical factor in determining the CO, uptake perfor-
mance. The pore volume and specific surface area of the
activated carbon without the autohydrolysis treatment
were higher than those of samples with treatment.
However, the micropore surface area was lower than that
of the samples from the solid residue. Furthermore,
autohydrolysis is essential for the pretreatment process
and is the key to enhancing the CO, capture capacity
compared to the activation without pretreatment. This
scenario enables autohydrolysis as an easy preprocess that
is beneficial both in oligosaccharide extraction and
biochar porosity control. It offers a more sustainable and
environment-friendly activation reagent [2].
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