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Abstract: Recently, salt-assisted pyrolyzation has been deemed an emerging and efficient method
for the preparation of biochars due to its facile operation as well as its good structural and chemical
properties. In this work, biochars (MBCx) are prepared by heating bamboo powders in eutectic
salts (Li2CO3 + K2CO3) at 500–600 ◦C in the air. Multiple technologies are employed to examine
the physiochemical properties of bamboo biochars. Correlations between heating temperature and
structural features and carbon dioxide uptakes of bamboo biochars have been investigated. The
results show that heating temperature has a significant influence on the physicochemical properties
of bamboo biochars. With the elevation of the heating temperature, the defect structures of bamboo
biochars gradually ascend, especially when the heating temperature reaches 600 ◦C. MBCx biochars
visibly exceed conventional bamboo biochar prepared via pyrolyzation in a nitrogen stream free of
salt addition. Pyrolysis of bamboo in eutectic salts endows biochars with higher oxygen content and
more carbon defects, which likely accounts for their better CO2 capture activities.
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1. Introduction

Greenhouse gas emissions, especially carbon dioxide (CO2), have overgrown dras-
tically in recent decades, mainly owing to human activities in diverse industrial sectors,
leading to severe weather and climate change, such as droughts, floods, global warming,
and sea level rise [1]. CO2 capture and sequestration is regarded as an effective method to
eliminate carbon dioxide emissions [2]. So far, aqueous amine scrubbing is the most mature
technique for CO2 removal from gas streams [3]. Nevertheless, the amine absorption pro-
cess commonly suffers from several drawbacks, for instance, low absorption capacity, poor
stability, solvent loss and toxicity, equipment corrosion, and high energy consumption from
solvent regeneration [4]. In this regard, the adsorption technique using porous materials
seems to be a good replacement for the energy-intensive amine scrubbing process for CO2
removal [5].

Currently, a host of porous materials, for instance, zeolites [6], mesoporous silica [7],
metal organic frameworks (MOFs) [8], and covalent organic frameworks (COFs) [9], have
been employed for carbon dioxide capture. However, most of them are associated with
several shortcomings, for instance, high costs and complicated synthetic processes, which
greatly hinder their industrial implementation. Biochar, a byproduct of biomass pyroly-
sis, shows great potential as an inexpensive and efficient sorbent for CO2 capture due to
its abundant and renewable feedstock, simple preparation process, wealthy pore struc-
tures and functional groups, and high chemical and thermal stability [10–12]. Nowadays,
biochar has been extensively used in many fields, such as gas adsorption [13], wastewater
decontamination [14], and supercapacitors [15].

Bamboo, as a perennial grass, naturally spreads all over the world (except Europe),
and most of them are relatively fast-growing [16,17]. Due to its environmental friendliness,
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low price, and renewability, bamboo can be a good feedstock to prepare biochar sorbents
for CO2 capture [18]. However, biochars are commonly obtained via a two-step process,
i.e., thermal pyrolysis at first and then being activated using KOH, which leads to an
increase in operational difficulty and resource consumption [19]. Particularly, the use of
highly corrosive KOH causes safety issues and equipment damage, which also hinders
the scale-up and practical application of the conventional pyrolysis techniques. Moreover,
the bamboo biochar obtained via conventional pyrolysis is usually associated with the
drawbacks of poor surface functionality and a high content of impurities [20].

Recently, salt-assisted pyrolysis, i.e., molten salt pyrolysis, has attracted incremental
research interest because of its enhanced heating effect, improved textural and structural
properties, and enriched surface oxygen-containing functional groups [21,22]. In this novel
pyrolysis process, biomass is carbonized and activated by liquid fused salts to form porous
biochars via one-step pyrolyzation, which can not only simplify the preparation procedure
but also promote biochar surface functionality. Many efforts have been devoted to biomass
pyrolysis in molten salts, however, most of which usually use single K2CO3 as the salt
media with a high melting point of 899 ◦C [23], leading to high energy consumption, severe
corrosion issues, and inadequate contact between salts and biomass. What is more, the
effect of molten salt on the pore properties and surface functional groups of biochars is still
controversial. In this work, eutectic salt, i.e., Li2CO3 + K2CO3, is adopted as the molten
salt medium with a melting point of 488 ◦C [23]. Bamboo biochars are obtained via a
simple one-pot carbonization and activation method, i.e., pyrolysis of bamboo powders in
eutectic salts (Li2CO3 + K2CO3) at 500–600 ◦C in the air. The effects of heating temperature
on textural and structural features and carbon dioxide capture performances of bamboo
biochars are studied. Moreover, the role of eutectic salt in adjusting the carbon matrix and
functional groups of bamboo biochars is addressed as well.

2. Preparation and Characterization of Bamboo Biochars

First, 9.32 g of lithium carbonate (Li2CO3) and 10.68 g of potassium carbonate (K2CO3)
are fully blended. The molar ratio of Li2CO3/K2CO3 is ca. 0.62:0.32. Then, the salt mixture
is put onto 4 g of bamboo powder in a capped crucible and subsequently heated at 500, 550,
and 600 ◦C for 2 h [24]. Finally, bamboo biochars are obtained after washing and drying
and are designated as MBCx (x denotes heating temperature). BC600 is acquired using the
conventional pyrolyzation method at 600 ◦C without adding salts. The microstructures and
chemical properties of bamboo biochars are examined using a scanning electron microscope
(SEM), a Fourier transform infrared (FTIR) and Raman spectrometer, thermogravimetry
(TG), and an X-ray photoelectron spectroscope (XPS). N2 adsorption-desorption isotherms
are tested at 77 K. Prior to analysis, biochars are degassed in a vacuum at 120 ◦C for 6 h. Spe-
cific surface areas (SSA) and pore properties are estimated using Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda (BJH) methods using desorption branches, respectively.
CO2 adsorption tests are performed on a physical adsorption apparatus at 1 bar and
25 ◦C. Prior to adsorption, biochars are degassed at 200 ◦C for 6 h. The device types and
operational details have been fully described elsewhere [25].

3. Results and Discussion
3.1. Physical Properties of Bamboo Biochars

Figure 1 shows the SEM images for different bamboo biochars. MBC500 and MBC600
show flaky structures with curved edges. A few fibrous structures are also observed for
MBC550. BC600 is composed of massive stereoporous structures. This implies that salt-
assisted pyrolyzation distinctly affects the microstructures of bamboo biochars. Figure 2
shows the energy dispersive spectrometer (EDS) profiles of bamboo biochars. Characteristic
signals of carbon and oxygen are observed over all bamboo biochars, suggesting that carbon
and oxygen are the major components of all bamboo biochars. Moreover, characteristic
signals of potassium and lithium are not detected over MBCx, indicating that most salts
can be washed out after rinsing.
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N2 physical adsorption isotherms for bamboo biochars are shown in Figure 3, accom-
panied by textural data in Table 1. N2 uptakes progressively climb with the elevation of
relative pressures for all bamboo biochars, and the desorption branches show hysteresis,
suggesting the occurrence of capillary condensation. Furthermore, all sorbents mainly
display type IV isotherms, an indication of the existence of massive mesopores [26,27]. As
presented in Figure 4, MBC500 shows a bimodal pore size distribution, with pore sizes
centered at 3.5 and 7.4 nm. When the pyrolysis temperature elevates to 550–600 ◦C, bamboo
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biochars all show only a sharp peak at 3.9 nm. This indicates that some bigger pores may
collapse at elevated pyrolysis temperatures. The textural properties of bamboo biochars
are also shown in Table 1. SSA of MBCx first ascends and then descends with the elevation
of the heating temperature, which is in the range of 89–109 m2/g. The pore volumes and
mean pore sizes of bamboo biochars basically decrease with rising pyrolysis temperatures,
which are in the range of 0.180–0.247 cm3/g and 8.0–10.8 nm. BC600 shows the biggest SSA
of 113 m2/g and the smallest pore size of 7.1 nm. This indicates that salt-assisted pyrolysis
effectively enlarges the pore sizes of bamboo biochars.
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Table 1. Textural properties and Raman and XPS analysis for bamboo biochars.

Samples SSA (m2/g)
Pore Volume

(cm3/g)
Pore Size

(nm) Yield ID/IG Oα/Oβ

CO2
Capacity
(mmol/g)

MBC500 92 0.247 10.8 12.7% 0.76 0.83 2.06
MBC550 109 0.218 8.0 10.9% 0.77 0.85 2.32
MBC600 89 0.180 8.1 4.5% 1.14 0.98 2.25
BC600 113 0.201 7.1 23.8% 0.75 0.68 1.83
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With the temperature rising from 500 to 550 ◦C, the mass yield slightly decreases
from 12.7 to 10.9 wt%. It reduces over a half to 4.5 wt% when the temperature reaches
600 ◦C, which is greatly smaller than that of BC600 (23.8 wt%). Molten carbonates pro-
vide active CO3

2− anions, which can damage the carbon matrix of bamboo biochars
(2CO3

2− + 4C→6CO + 4e−) [28], leading to the decline of biochar mass yield. Higher py-
rolysis temperatures can enhance the activity of carbonate anions and thereby intensify the
mass loss of biochars. What is more, the small content of O2 in the capped crucible likely
penetrates into salt melts and reacts with active carbon atoms, converting some carbon
atoms into carbon dioxide or carbon monoxide. Higher pyrolysis temperatures can amplify
this etching effect, leading to a rapid decrease in product yield at 600 ◦C.

Raman spectra for bamboo biochars are shown in Figure 5a. Feature signals at
1349 cm−1 (D) represent defective and unordered structures, while feature signals at
1588 cm−1 (G) denote graphite structures [29]. The ID/IG ratio of MBC600 (1.14) signifi-
cantly surpasses BC600 (0.75). This also implies that molten carbonates can damage the
carbon matrix of bamboo biochars when using the salt-assisted pyrolyzation method, re-
sulting in the production of more defects in MBC600. With the pyrolysis temperature
rising from 500 to 550 ◦C, the ID/IG ratios slightly increase from 0.76 for MBC500 to 0.77
for MBC550 and greatly rise up to 1.14 for MBC600. Higher pyrolysis temperatures can
produce highly active salt ions, which can amplify the etching effect of molten carbonates
and thereby create more defects in the carbon frameworks of bamboo biochars [30].
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The FTIR spectra for bamboo biochars are shown in Figure 5b. Three intense peaks at
1370, 1565, and 2360 cm−1 are observed for all biochars, which are ascribed to aliphatic C-H,
graphitic C=C, and carbonyl C=O vibrations [22], respectively. A bulge peak at 3455 cm−1 is
detected for BC600, which is attributed to the vibration of hydroxy (-OH) groups. Elemental
compositions for bamboo biochars are shown in Table 2. The dominant components for
BC600 are C and O elements with mass percents of 78.13 and 14.52 wt%, respectively. The
H/C and O/C molar ratios for BC600 are 0.35 and 0.14, respectively. After molten salt
treatment, the carbon content for MBCx significantly reduces to 65.97–67.96 wt%, whereas
the oxygen content for MBCx greatly increases to 22.58–29.21 wt%. The H/C and O/C
molar ratios for MBCx visibly increase to 0.37–0.46 and 0.25–0.33, respectively. Particularly,
the oxygen content and O/C molar ratio for MBC600 are more than doubled as compared
with BC600. This indicates that active salt ions can etch the carbon matrix of bamboo
biochars, resulting in a decline in carbon contents [31,32]. In addition, the oxygen in
carbonates may be incorporated into the carbon matrix of bamboo biochars and thereby
increase the oxygen content, which may contribute to the enhanced CO2 capture ability
of MBCx.

Figure 6 shows the TG and DTG profiles of MBCx and BC600. They basically display
three decomposing stages. Initial mass loss is less than 10% for MBCx and BC600 within
30–120 ◦C, which corresponds to the desorption of adsorbates such as H2O and O2. Very
little mass decrement is observed in the second stage within 120–350 ◦C, which likely relates
to the decomposition or burning of volatile species in the bamboo biochar. Maximum mass
decrement happens from 350 to 500 ◦C for MBC500, MBC550, and BC600 and from 350 to
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550 ◦C for MBC600 with mass loss of ca. 75–90%, which is plausibly ascribed to degradation
or burning of carbon components [33]. From DTG curves, the decomposition temperatures
for MBC600 and BC600 are around 474 and 435 ◦C, respectively. Moreover, BC600 shows a
much higher decomposition rate than that of MBCx. These facts indicate that molten salt
pyrolysis can improve the thermal stability of the biochar.

Table 2. Elemental compositions of bamboo biochars (wt%).

Samples C * H * O * N * Ash * H/C # O/C #

MBC500 66.19 2.56 24.82 0.64 5.79 0.46 0.28
MBC550 67.96 2.46 22.58 0.68 6.32 0.43 0.25
MBC600 65.97 2.05 29.21 0.67 2.10 0.37 0.33
BC600 78.13 2.28 14.52 0.55 4.52 0.35 0.14

Note: * dry basis, # molar ratio.
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The ash content of MBC600 (2.10 wt%) is greatly inferior to BC600 (4.52 wt%), which
infers that carbonate melt dissolves a portion of the ash species of bamboo biochar [34].
In addition, with the temperature rising from 550 to 600 ◦C, the carbon and ash contents
of biochars both reduce. On the one hand, higher temperatures can enhance the etching
effect of salt ions, resulting in a decrease in carbon content. On the other hand, higher
temperatures can also enhance the dissolving capacity of salt ions with respect to ash
components and thereby reduce the ash content.

3.2. Chemical Properties of Bamboo Biochars

Figures 7 and 8 show electron densities and valence bonding of carbon and oxygen
atoms on the bamboo biochar surface. With respect to C 1s profiles, peaks located at
284.0–284.5 eV vest in aromatic carbon (Cα, C=C), and peaks located at 285.5–285.8 eV
correspond to the C atoms bonded to hydroxyl groups (Cβ, C-O-H) [35,36]. With respect to
O 1s profiles, peaks located at 531.2–531.8 eV relate to active oxygen (Oα, C=O) [37], while
peaks located at 533.0–533.2 eV are assigned to oxygen in hydroxy groups (Oβ, -OH) [38].
As shown in Table 1, the Oα/Oβ proportion for BC600 is only 0.68, an indication of the
trace content of active oxygen existing on BC600. With temperatures rising from 500 to
600 ◦C, the Oα/Oβ proportions for MBCx gradually increase from 0.83 to 0.98. This implies
that salt-assisted pyrolyzation distinctly augments the content of active oxygen on bamboo
biochar surfaces. A part of the oxygen in the capped crucible likely dissolves in salt melts,
which is then captured and activated on bamboo biochars during salt-assisted pyrolyzation
processes, resulting in the generation of ample active oxygen on MBCx. Moreover, the
oxygen atoms in carbonates may also react with the carbon atoms in bamboo biochars to
form C=O bonds, which leads to an increase in chemisorbed oxygen.
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3.3. Carbon Dioxide Adsorption

Carbon dioxide adsorption curves for MBCx and BC600 at 25 ◦C and 100 kPa are
shown in Figure 9 and Table 1. BC600 shows the smallest carbon dioxide capacity of
1.83 mmol/g, likely due to the lowest contents of defects and active oxygen. After molten
salt activation, the CO2 uptakes for MBCx significantly increase to 2.06–2.32 mmol/g,
which is plausibly owing to the increased defects in the carbon matrix and chemisorbed
oxygen contents. This indicates that salt-assisted pyrolyzation effectively promotes the
activity of bamboo biochars with respect to carbon dioxide capture. On the one hand, the
electropositive C atom in carbon dioxide could adsorb the electronegative O atom (i.e.,
C=O) of bamboo biochars via Lewis acid-base interaction, which plausibly contributes to
enhanced CO2 uptake [39]. On the other hand, carbon defects can function as electron
receptors [40] which pull electrons from the O atom of carbon dioxide via polarization,
which results in augmented carbon dioxide capture. What is more, the specific surface
area of BC600 surpasses that of MBCx, however, it displays the worst carbon dioxide
capture. This implies that physical properties may show an insignificant impact on the
carbon dioxide adsorption capabilities of bamboo biochars, whereas chemical properties,
for instance, active oxygen and defective structures, show prominent influences on the
carbon dioxide adsorption capabilities of bamboo biochars. As shown in Table 3, the CO2
uptake of MBC550 is bigger than or comparable to some biochars [41–43].

Table 3. CO2 uptakes of different sorbents at 25 ◦C and 1 bar.

Sorbents Precursors SSA (m2/g)
Adsorption
Conditions

CO2 Uptakes
(mmol/g) Ref.

MBC550 bamboo 109 25 ◦C (1 bar) 2.32 this work
CSAC chestnut shell 1254 25 ◦C (1 bar) 1.70 [41]
WSAC walnut shell 1489 25 ◦C (1 bar) 2.10 [41]
MSAC macadamia shell 1151 25 ◦C (1 bar) 1.97 [41]

AC peat 942 25 ◦C (1 bar) 2.46 [42]
AC white wood 1400 25 ◦C (1 bar) 1.80 [43]
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4. Conclusions

Middle-temperature eutectic salts (Li2CO3 + K2CO3) are adopted as the molten salt
media to prepare bamboo biochars for the sake of enhancing heat transfer and lowering
energy consumption. Salt-assisted pyrolyzation greatly promotes the surface functionality
of bamboo biochars to produce ample active oxygen and defective structures, thereby
enhancing the carbon dioxide capture ability of bamboo biochars. The rise in heating
temperature progressively increases the defect structure of bamboo biochar. MBC550
presents an optimal CO2 uptake of 2.32 mmol/g at 25 ◦C and 1 bar, which distinctly
surpasses that of conventional bamboo biochar (1.83 mmol/g) prepared via pyrolysis in an
inert atmosphere without adding salts. Molten salt pyrolysis can impart bamboo biochars
with better thermal stability, higher oxygen contents, and more carbon defects, thereby
enhancing their CO2 capture activities.
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