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A B S T R A C T

N-doped biochars, derived from chitosan sourced from waste crustaceous shells, were produced via microwave- 
assisted pyrolysis at temperatures ranging from 400 to 800 ◦C to enhance CO2 and N2 separation. Their per
formance was compared with biochars from conventional pyrolysis. Microwave-derived biochars exhibited su
perior CO2 adsorption capacity at 25 ◦C and 100 kPa (0.78 – 1.56 mmol g− 1) compared to conventionally 
produced ones (0.55 – 1.43 mmol g− 1). Increasing the pyrolysis temperature up to 600 ◦C significantly improved 
biochar properties, including surface area, pore volume, and CO2 adsorption capacity. Microwave-derived bio
char featured enhanced surface area, larger pore volumes, and unique morphologies, requiring, on average, 61 % 
less preparation time. The higher ultramicroporosity and N-species concentration correlated with superior per
formance in the biochar produced at 600 ◦C. In gas mixture experiments (20 % CO2 and 80 % N2) under flow 
conditions, these biochars showed rapid adsorption/desorption rates due to enhanced macroporosity at samples 
produced at 600 and 800 ◦C, facilitating gas diffusion along the ultramicropores. Adsorption heat analysis 
indicated that the CO2 adsorption is predominantly driven by physisorption, supported by complete sample 
regeneration when applying N2 flux or increasing the temperature during desorption. The study also explores the 
feasibility of 3D-printing a composite using the most effective biochar and inorganic polymers sourced from 
waste, presenting potential benefits for industrial applications.

1. Introduction

Human activities, particularly the increased use of fossil fuels, 
generate substantial amounts of CO2, the primary greenhouse gas 
responsible for global warming. There is a pressing need to curb these 
emissions, necessitating the development of effective CO2 capture sys
tems. While chemical absorption, particularly amine scrubbing, has 
been a conventional technology, it faces significant challenges, such as 
equipment corrosion, high solvent regeneration costs, and sorbent loss 
due to amine degradation [1–7]. In this context, solid sorbents emerge as 
a more attractive technology for large-scale post-combustion CO2 cap
ture application if efficient, regenerable, and obtained from sustainable 
sources [1]. Among these, carbon-based materials stand-out as phys
isorbents with a high potential for CO2 capture [8]. Compared to other 

adsorption processes, they are less susceptible to moisture, have high 
adsorption capacity at ambient pressure, are more thermally stable, are 
easily regenerable, and require less energy [9–11]. Despite these ad
vantages, many carbon-based CO2 adsorbents face limitations in selec
tivity for CO2/N2 separation processes or present cost challenges [12].

Biochar, a product of biomass pyrolysis, possesses distinctive char
acteristics, namely high thermal and chemical stability, diverse chemi
cal compositions, and customizable surface features (that can be 
attained depending on the biomass source and synthesis conditions) [13, 
14]. Beyond its technical merits, using biomass for biochar synthesis 
supports sustainable waste management practices, contributing to 
reduced carbon emissions and fostering a circular economy [15]. 
Compared to activated carbon, a benchmark competitor in adsorption 
applications, biochar is a more sustainable and cost-effective option [7, 
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16–18], it offers simpler regeneration, operational efficiency at lower 
temperatures, and a synthesis procedure that does not require activation 
[15,19–25].

Our group devised a strategy to produce self-standing N-doped bio
chars from chitosan, a chitin derivative found in crustacean shells. This 
approach aimed to create selective sorbents for efficiently capturing CO2 
from mixtures containing CH4 and/or N2 while ensuring ease of 
handling in industrial settings [5,12]. To achieve this, N-doped biochar 
sorbents were produced by first dissolving chitosan. Then, the study 
examined the effects of different drying techniques (exposure to air at 
room temperature for 30 days, 40 ◦C oven for 24 h, supercritical CO2, 
and freeze-drying) and pyrolysis temperatures (400, 600, and 800 ◦C) 
using conventional assisted heating. The investigation revealed signifi
cant impacts on the textural characteristics of biochar materials. The 
findings indicated that variations in the synthesis conditions primarily 
influenced the quantity and types of N-species, along with micropo
rosity. These factors were found to be correlated with the CO2 adsorp
tion separation behavior of the biochar materials. For instance, X-ray 
Photoelectron Spectroscopy (XPS) analysis unveiled the transformation 
of amino groups from chitosan into pyridinic-N, pyrrolic-N, graphitic 
center-N, graphitic valley-N or pyridine-N oxide species during pyrolysis 
[5,12]. Elevating the pyrolysis temperature increased the abundance of 
the latter two N-type species and the ultramicroporosity [12], which are 
advantageous for CO2 uptake. While the freeze-dried material pyrolyzed 
at 600 ◦C exhibited optimal CO2 adsorption capacity (1.6 mmol g− 1 at 
100 kPa and 25 ◦C), the synthesis complexity raised concerns about cost 
and time [12]. Recently, a solvent-free method, using chitosan as a 
precursor and NaNH2 as an activator, produced powder N-doped porous 
carbon showcasing efficient and reversible CO2 adsorption performance 
(1.70 – 6.33 mmol g− 1 at 25 ◦C and 100 kPa) [19].

To address concerns related to the costs of pyrolysis equipment and 
energy consumption, we turn our attention to microwave (MW) pyrol
ysis as a cost-effective, efficient, and rapid alternative to conventional 
furnaces [20–24]. Notably, MW pyrolysis not only offers economic ad
vantages but also excels in energy recovery and boasts lower carbon 
emissions [15,25,26]. A study in which rice straw was used to produce 
biochar for CO2 capture using microwave pyrolysis allowed for biochar 
production with lower time, cost, and energy consumption while also 
achieving 14 % higher values of CO2 adsorption capacity [27]. Another 
study’s findings, using sewage sludge and leucaena wood through mi
crowave pyrolysis concluded that this technique was feasible since it 
produced biochar with high CO2 adsorption capacity (0.22 – 
1.41 mmol g− 1) [28].

This study delves into a comprehensive investigation of the impact of 
different heating methods (conventional- and MW-assisted heating) and 
pyrolysis temperatures (400, 600, and 800 ◦C) on the textural properties 
and CO2 adsorption behavior of N-doped biochars. Combining advanced 
characterization techniques such as XPS, electron microscopy, and gas 
sorption isotherms, our objective is to attain a comprehensive 
molecular-level understanding of biochar synthesis and CO2 adsorption 
mechanisms. Our research specifically evaluates the microstructure ef
fects on CO2 adsorption capacity, kinetics, heat of adsorption, and 
selectivity for CO2/N2 separation through both applying the Ideal 
Adsorption Solution Theory (IAST) to the pure gas adsorption isotherms 
and isothermal adsorption-desorption experiments under flow condi
tions of a mixture of CO2 (20 % vol) and N2 (80 % vol) over the time. 
Additionally, we explore the feasibility of incorporating biochar into 3D- 
printed inorganic polymers (IPs) from waste sources to produce CO2 
adsorbents with open-porosity. This approach may help prevent the 
pressure drop issues commonly linked with powder adsorbents and 
enable the use of residues, thereby enhancing the sustainability of the 
adsorbents. The knowledge acquired from this study can catalyze the 
development of more efficient and sustainable CO2 biochar/IPs adsor
bents, with tunable geometries, thereby contributing to enhanced CO2 
capture solutions.

2. Materials and methods

2.1. Materials

Chitosan powder with a medium molecular weight, a degree of 
deacetylation of 75 – 85 %, and a low viscosity (200 – 800 cps for 1 % 
acetic acid) from Sigma Aldrich was used to prepare biochar. For the ink 
preparation, red mud (RM, supplied by a bauxite mining company, 
Table S1 [29]) was dried, ground, and sieved to < 75 µm, while meta
kaolin (MK, ArgicalTM M1200S; Univar®, Table S1 [29]), sodium sili
cate (Chem-Lab, Belgium), sodium hydroxide (ACS reagent, 97 %, Sigma 
Aldrich), and polyethylene glycol (PEG-600, Alfa Aesar) were employed 
without prior treatment.

2.2. Pyrolysis

N-doped biochars were obtained by pyrolyzing commercial chitosan 
at different temperatures (400, 600, and 800 ◦C) using conventional- 
and microwave-assisted heating methods. For the conventional heating 
method, the chitosan powder was placed in a quartz sample holder in a 
vertical TMAX-VTL1200 furnace under N2 flow. The pyrolysis process 
was carried out using a two-step heating procedure, as previously 
described by Lourenço et al. [30]: (i) 5 ◦C min− 1, 200 ◦C, 2 h and (ii) 5 ◦C 
min− 1, final temperature, 2 h. The resulting biochars were denoted as 
CTOPx, where x corresponds to the final temperature (400, 600 and 
800 ◦C). For the microwave-assisted method, the Phoenix™ Microwave 
Muffle Furnace was used under N2 flow and heating procedures set for 
each pyrolysis temperature: (i) 5 ◦C min− 1, 200 ◦C, 5 min and (ii) 5 ◦C 
min− 1, final temperature, 20 min. The resulting biochars were named as 
CTOPxMW, where x corresponds to the final temperature (400, 600, and 
800 ◦C). Table S2 shows the total pyrolysis time for the microwave 
heating and conventional heating pyrolysis time and the determined 
yield for each biochar. Results revealed a decrease in biochar yield as the 
pyrolysis temperature increased and the yields obtained for both heating 
methods were similar regardless of the temperature.

2.3. Additive manufacturing

2.3.1. Ink optimization
The ink for direct ink writing (DIW) was prepared by incorporating 

biochar in the previously described red mud/metakaolin-based 
composition [29]. In detail, the solid raw materials were mixed with 
the alkaline activator solution, previously obtained by mixing 100 g of 
sodium silicate with a ratio of SiO2/Na2O = 3.09, 14.16 g of sodium 
hydroxide, and 13.39 g of water. Polyethylene glycol was also added to 
adjust the rheological properties. To evaluate the effect of biochar in the 
3D-printed IPs, an ink without biochar (labeled as 3D-RM/MK) was 
initially optimized by blending 50 wt% of RM with 50 wt% of MK and 
the activator solution in a solid/liquid ratio to obtain desired properties 
for suitable DIW extrusion. The best-performing biochar (B) (sample 
CTOP600MW) was blended with the previous RM/MK-based ink in a 
20 wt% amount selected as a proof-of-principle, denoted as 
3D-B/RM/MK. Finally, the above-described compositions were mixed in 
a planetary centrifugal mixer (ARE–250) at 800 rpm for 6 min before 
being carefully inserted in the designated syringes.

2.3.2. Direct ink writing (DIW)
3D-printed structures were prepared by DIW using a 3D Inks, LLC, 

USA (Model EBRD-A32). A computer-aided direct-write software 
(RoboCAD 3.0, 3-D Inks, USA) was used to control the 3-axis motion and 
print a scaffold pattern previously designed using CAD software (Free
CAD, version 0.18). The optimized ink was loaded into a 3 mL syringe 
(Nordson, USA) and extruded at room temperature through a conical 
nozzle with a diameter of 410 µm (Nordson, USA) at an extrusion speed 
of 10 mm/s onto an aluminum oxide support. 3D scaffolds with 5 ×
5 mm base and 6 mm height were obtained, composed of 20 layers with 

I. Correia et al.                                                                                                                                                                                                                                  Journal of Environmental Chemical Engineering 12 (2024) 113875 

2 



6 parallel filaments rotated 90◦ in the subsequent layer and assembled. 
The interconnectivity between pores was defined by specifying a 300 µm 
distance between filaments. After extrusion, samples were kept in 
controlled humidity (80 %) at room temperature for 24 h. Later, the 
samples were cured at 40 ◦C for 48 h to speed up the polymerization 
reactions. After 14 days of curing, the structures were used.

2.4. Characterization

The textural properties of the biochar samples, as well as the 3D- 
printed carbon/IPs composites, were evaluated by Elemental Analysis 
(EA), X-ray Photoelectron Spectroscopy (XPS), Fourier Transform 
Infrared Spectroscopy (FTIR), X-ray Diffraction Analysis (XRD), Scan
ning Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy 
(EDS), Optical Microscopy, Thermogravimetric Analysis (TGA) and CO2 
and N2 adsorption-desorption isotherms. The equipment and experi
mental parameters used are described in the Supplementary Material
(SM).

2.4.1. CO2 and N2 adsorption and selectivity
Pure CO2 and N2 gas adsorption isotherms were measured on the 

biochar and 3D-printed sorbents using a volumetric apparatus (BEL
SORP MAX II). Prior to analysis, the samples were degassed under 
vacuum at 120 ◦C with a heating rate of 5 ◦C min− 1 for 6 h. The gas 
exposure sequence included N2 at − 196 and 25 ◦C, followed by CO2 at 
0 and 25 ◦C.

CO2 and N2 pure component adsorption isotherm at 25 ◦C were fitted 
using the Virial and Freundlich-Langmuir models, and the second and 
third Virial coefficients were employed to account for the non-ideality of 
the gas phase. After fitting the CO2 and N2 adsorption isotherms at 25 ◦C 
using the Virial fitting, the Henry’s constants (KH) and Virial coefficients 
(C1, C2, and C3) were obtained. Additionally, the ratio of the KH derived 
from pure CO2 and N2 adsorption isotherms at 25 ◦C was determined to 
provide information for the selectivity and assess the affinity of CO2 for 
the adsorbent surface.

Furthermore, according to Myers et al. [31], the Ideal Adsorption 
Solution Theory (IAST) was applied to the single-component adsorption 
isotherms of CO2 and N2 at 25 ◦C, from 0 to 90 kPa after the fitting via 
the Freundlich-Langmuir approach described by Nuhnen and Janiak 
[32] in the Origin software (OriginLab). 20 % CO2 and 80 % N2 were 
chosen as the molar fractions of the gas phase for a more accurate 
comparison with most literature studies.

2.4.2. CO2/N2 adsorption-desorption isotherms under continuous flux
The evaluation of CO2 adsorption efficiency in the presence of N2 gas 

was carried out using a Thermogravimetric Analyzer (TGA, NETZSCH 
TG 209F1 Libra) at a constant temperature of 35 ◦C and an ambient 
pressure of approximately 100 kPa. Approximately 10 mg of the mate
rial underwent a thorough degassing process. The samples were sub
jected to a temperature increase up to 120 ◦C at a heating rate of 40 ◦C 
min− 1, all while under vacuum conditions (1.0 ×10− 2 mbar) for 
360 min. Upon completion of the heating phase, the samples were 
cooled back to 35 ◦C at a reduced rate of 2 ◦C min− 1.

Following the thermal treatment, the biochar sorbents were exposed 
to a continuous flow of pure N2 gas (40 mL min− 1) at standard atmo
spheric pressure for 60 min to ensure weight stabilization. This step was 
succeeded by the introduction of a CO2/N2 gas mixture (comprising 
20 vol% CO2, with a total flow rate maintained at 40 mL min− 1) over the 
samples for 120 minutes, keeping both CO2 and N2 flow rates steady 
throughout the process. The net weight change observed before and 
after CO2 adsorption served as a measure of the quantity of CO2 adsor
bed by the materials.

Finally, the CO2 desorption behavior was investigated by switching 
back to a pure N2 gas atmosphere (flow rate = 40 mL min− 1) under 
ambient pressure conditions for 60 minutes where the released value 
was assessed. Then, the temperature was gradually increased to 120 ◦C 

at a heating rate of 40 ◦C min− 1, thereby assessing the complete 
reversibility of the CO2 desorption process for practically all the 
samples.

2.4.3. Isosteric enthalpy of adsorption (ΔHads)
The ΔHads was determined from the CO2 adsorption isotherms ob

tained at two different temperatures (0 and 25 ◦C) which were fitted via 
the Freundlich-Langmuir model in the Origin software (OriginLab). 
Subsequently, the ΔHads values were calculated employing the Clausius- 
Clapeyron approach as outlined by Nuhnen and Janiak [32].

3. Results and discussion

3.1. CO2 and N2 adsorption in biochar sorbents

Pure CO2 and N2 adsorption isotherms at 25 ◦C (Fig. 1(a)) were 
registered to obtain the adsorption capacity and selectivity for all the 
biochar sorbents. Table 1 displays the determined Virial coefficients (C1, 
C2, and C3) and Henry constants (KH) for the adsorption data by applying 
the Virial model. The adsorption isotherms illustrate that independently 
of the pyrolysis heating procedure, all biochar sorbents seem to prefer
entially adsorb CO2 than N2, which is visible by the non-existent 
adsorption capacity for N2 at 25 ◦C. Thus, it is possible to generalize 
that these materials have good potential for separating CO2 from N2. 
Focusing on the CO2 isotherms, all pyrolyzed chitosan-derived biochars 
present the same CO2 adsorption trend with the materials produced at 
600 ◦C obtaining the highest values of adsorption capacity (nads(C
TOP600) = 1.43 mmol g− 1 and nads(CTOP600MW) = 1.56 mmol g− 1). 
An increase in temperature from 600 to 800 ◦C resulted in a slight 
decrease in adsorption capacity, while the value obtained for the sample 
pyrolyzed at 600 ◦C was almost 3-fold the one obtained at 400 ◦C. 
Additionally, the biochars obtained employing the MW-assisted heating 
method have higher CO2 adsorption capacity than the ones from the 
conventional heating showing that not only is the pyrolysis process 
reduced in time but also the CO2 adsorption capacity is slightly 
enhanced.

For the practical application of biochar, the assessment of the 
selectivity of CO2 over N2 is essential. Table 1 presents the results of the 
determination of the Henry constants (KH) and Virial coefficients (C1, C2, 
and C3) for each material and adsorbed gas. When closely comparing the 
KH of each biochar sample for CO2 it can be concluded that the samples 
with higher affinity to CO2 are CTOP600 (KH = 182 ×10− 3 mmol− 1 

kPa− 1) and CTOP600MW (KH = 316 ×10− 3 mmol− 1 kPa− 1) due to their 
higher KH values. Concerning N2 adsorption, CTOP600MW and 
CTOP800MW exhibited the highest KH values (2.01 ×10− 3 and 2.75 
×10− 3 mmol− 1 kPa− 1, respectively). These results indicate an increased 
affinity for N2 as the temperature rises during MW-assisted pyrolysis. In 
the selectivity study, it is interesting to note that CTOP800 had the 
highest selectivity rate (352), even though it did not have the highest KH 
value for CO2. This is because its KH value for N2 was one of the lowest 
among the materials.

The selectivity was also studied through the Myers et al. [31] method 
using the ideal adsorption solution theory (IAST) applied to the 
single-component adsorption isotherms of CO2 and N2 at 25 ◦C, from 
0 to 100 kPa after the fitting via the Freundlich-Langmuir approach 
described by Nuhnen and Janiak [32]. All the determined constants 
regarding the Freundlich-Langmuir fitting are summarized in Table S3. 
The selectivity results are illustrated in Fig. 1(b) which shows that 
CTOP600 and CTOP600MW have the highest selectivity values (134 and 
46.5 at 100 kPa, respectively) followed by the material CTOP800MW 
(22). These results indicate that these samples are the most selective to 
CO2 as suggested previously by the CO2/N2 adsorption isotherms at 
25 ◦C (Fig. 1) and the derived Henry constants, which assess the material 
affinity towards CO2 (Table 1). All samples exhibit higher selectivity to 
CO2 at low pressures (0 – 20 kPa). This behavior seems to be common 
among other studies in the literature [33,34].
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Fig. 2(a) displays the CO2 adsorption isotherms over time under a 
continuous gas flux consisting of 80 vol% N2 and 20 vol% CO2 at 35 ◦C 
and atmospheric pressure for all biochar sorbents and Fig. 2(b) sum
marizes the weight changes of the adsorption/desorption analysis for 
these biochar sorbents. The observed weight increase across all samples 
upon introducing CO2 gas indicates the selectivity of biochar sorbents 
for CO2 over N2. Furthermore, the highest values of CO2 adsorption 
capacity over N2 correspond to the samples CTOP600MW 
(0.894 mmol g− 1) and CTOP800MW (0.807 mmol g− 1). Following the 
adsorption capacity parameters in Fig. 2(b) while increasing the pyrol
ysis temperature, it can be concluded that when increasing the tem
perature from 400 to 600 ◦C the adsorption capacity is almost tripled for 
both heating methods (CTOP400 – 0.274 mmol g− 1; CTOP400MW – 
0.365 mmol g− 1). On the other hand, the samples pyrolyzed at 800 ◦C 
show a slight decrease in adsorption capacity (CTOP800 – 
0.489 mmol g− 1; CTOP800MW – 0.807 mmol g− 1). This behavior is 
consistent with the findings from Fig. 1. All samples, apart from 
CTOP800, exhibit a similar pattern, attaining 76 – 88 % of the total CO2 
adsorption within the initial 10 min (Fig. 2(a)). This indicates that most 
of the studied biochar sorbents have fast adsorption kinetics. In contrast, 

CTOP800 presents a slower adsorption behavior, reaching only 44 % of 
the total CO2 adsorption in the same 10 min timeframe. This suggests 
that CTOP800 requires a longer duration to reach the maximum CO2 
adsorption capacity. The CTOP800MW has slightly higher adsorption 
kinetics than CTOP600MW, however, this material achieves a higher 
CO2 adsorption capacity overall.

The desorption efficiency of the materials was also studied. Most 
materials depicted high desorption efficiencies releasing between 45 – 
67 % of the CO2 captured in less than 10 minutes frame (Fig. 2(a)) with 
the highest values being attributed to samples CTOP800MW (67 %), 
CTOP600 (60 %) and CTOP600MW (55 %). In contrast, CTOP800 only 
desorbed 24 % of its adsorbed CO2 at the same adsorption time. Inde
pendently of the sample, most CO2 captured was desorbed by only 
switching the gas mixture to pure N2 flow.

Complete regeneration of the samples can be achieved by raising 
120 ◦C, which induces further CO2 desorption (Fig. 2). These conclu
sions, based on the materials adsorption and desorption properties, 
immediately relate to their possible use in cyclic adsorption-desorption 
measurements under industrial operating conditions.

3.2. Comparison with reported biochar adsorbents

Table 2 presents reported biochar sorbents by other studies in which 
the capacities for CO2 and N2 adsorption and CO2/N2 separation are 
compared with the two best-performing sorbents from this study 
(CTOP600 and CTOP600MW).

All the biochar material displayed did not undergo any chemical or 
physical modification as well as the materials prepared in this study, so 
they are to be considered pristine biochars and not engineered/modified 
biochars. The temperature used for comparison was 600 ◦C to directly 
compare with the previously stated as the two best-performing sorbents 
from this study. A diversity of feedstocks can be found in the literature as 
precursors for biochar preparation. In the first study, sugarcane bagasse 
and hickory wood were both oven-dried and converted into biochar 
through slow pyrolysis in a furnace in a N2 environment at 600 ◦C. The 
biochars presented a CO2 uptake at 25 ◦C of 1.36 and 1.18 mmol g− 1, 
respectively [7]. In one of our group’s studies, sponge-like biochar 
sorbents were prepared from the dissolution of chitosan followed by 
freeze-drying methodology and pyrolysis at 600 ◦C [12]. The CO2 

Fig. 1. (a) Adsorption isotherms of pure CO2 (solid lines) and N2 (dashed lines) gases at 25 ◦C of the biochar samples pyrolyzed in the conventional furnace (circles) 
and microwave furnace (triangles), at 400 (orange color), 600 (green color) and 800 ◦C (blue color). The solid and dashed lines represent the fits of the Virial 
isotherm model to the experimental data; (b) Comparative selectivity rate at 25 ◦C for all the biochar samples except for CTOP400 (negligible amounts of N2 
adsorption capacity). The gas phase was selected to consist of 20 % CO2 and 80 % N2 in terms of molar fractions.

Table 1 
Henry constants and Virial coefficients of the biochar materials calculated from 
CO2 and N2 at 25 ◦C.

Gas Sample KH x 10− 3 

(mmol− 1 

g− 1 kPa− 1)

C1 (g 
mol− 1)

C2 (g 
mol− 1)2

C3 (g 
mol− 1)3

KCO2/ 
KN2

CO2 CTOP400 41.4 3.50 0 0 -
CTOP400MW 45.8 2.15 0 0 279
CTOP600 182 1.72 0 0 334
CTOP600MW 316 3.09 − 1.73 0.61 157
CTOP800 113 1.65 0 0 352
CTOP800MW 143 1.70 − 0.13 0 52

N2 CTOP400 - - - -
CTOP400MW 0.16 − 22.00 0 0
CTOP600 0.54 21.10 0 0
CTOP600MW 2.01 1.22 0 0
CTOP800 0.32 − 10.60 0 0
CTOP800MW 2.75 0.90 0 0
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uptake at 25 ◦C reached 1.60 mmol g− 1 and the N2 uptake at the same 
temperature was nearly 0.2 mmol g− 1 with a selectivity rate of 
approximately 12 [12]. In another study, pine sawdust prepared in a 
muffle furnace at a heating rate of 7 ◦C/min for 2 h with no supply of air 
at 550 ◦C, exhibited 0.67 mmol g− 1 of CO2 capacity at 25 ◦C, 
0.21 mmol g− 1 for N2 capacity at the same temperature with a CO2/N2 
selectivity rate of 18.3 [18]. In the same study, paper mill sludge was 
prepared in the same conditions at 600 ◦C and obtained nearly 
0.35 mmol g− 1 of CO2 adsorption capacity at 25 ◦C [18]. Lastly, in an 
interesting study, anaerobic digestion digestate was used as feedstock 
for the preparation of biochar by slow pyrolysis at 600 ◦C in a horizontal 
quartz tubular reactor under N2 flow at a heating rate of 40 ◦C min− 1 

[18]. The biochar presented a CO2 uptake at 25 ◦C of 1.02 mmol g− 1 

[18].

The CTOP600MW sample here reported demonstrated one of the 
highest CO2 adsorption capacities (1.56 mmol g− 1) among the various 
biochars examined, albeit slightly lower than the sponge-like sorbent 
derived from chitosan in our prior research (1.60 mmol g− 1) [12]. 
Nevertheless, this biochar offers notable advantages in terms of time and 
energy efficiency compared to the sponge-like variant. It is produced in a 
single step through direct pyrolysis of chitosan powder, eliminating the 
need for chitosan dissolution, freezing, and freeze-drying. Additionally, 
the MW-assisted pyrolysis process for this sample takes just 20 min at 
600 ◦C, significantly reducing both time and energy requirements for 
the pyrolysis stage. Moreover, most of the studies do not explore the N2 
adsorption capacity or the CO2/N2 selectivity of the materials. Besides 
showing a good amount of CO2 adsorbed, CTOP600 and CTOP600MW 
samples also presented the highest CO2/N2 selectivity rates (334 and 
157) than the reported materials [12,18]. These results conclude that 
the biochar sorbents prepared in this study show promising results in 
CO2 adsorption capacity and CO2/N2 selectivity rate, especially the 
biochar prepared using the microwave-assisted heating method which 
yielded a higher CO2 capacity (1.56 mmol g− 1) and high selectivity rate 
(157). As mentioned earlier, the microwave-assisted heating approach 
appears to be promising due to its shorter processing time and 13 % 
higher energy efficiency compared with the conventional furnace 
[35–37]. It may lead to substantial improvements in textural properties, 
enhancing CO2 adsorption/desorption kinetics, as discussed in Section 
3.1 and illustrated in Fig. 1(b).

3.3. Investigating the influence of biochar microstructure on CO2 
adsorption

To comprehend the primary adsorption mechanism on biochar ad
sorbents, various characterizations were conducted, including XPS, EA, 
TGA, SEM, XRD, and 77 K N2 and 0 ◦C CO2 adsorption-desorption iso
therms. The functional groups present in the biochar sorbents were 
evaluated using XPS. The XPS analysis accurately determined the rela
tive atomic concentration of elements on the sample surfaces, depicted 

Fig. 2. (a) CO2 adsorption kinetics under continuous flux of CO2/N2 gases (20 vol% of CO2) at 35 ◦C and atmospheric pressure determined by TGA. Desorption was 
performed under 100 % N2 flux. (b) Adsorption and desorption analysis of mixed CO2/N2 adsorption tests by TGA (a Maximum CO2 adsorption capacity in mmol g− 1; 
b CO2 desorbed (mmol g− 1) after altering the gas mixture (20 vol% CO2 in N2) with a 100 vol% N2 flux; and c CO2 desorbed (mmol g− 1) after rise in temperature 
until 120 ◦C.

Table 2 
Comparison of different biochar sorbents.

Feedstock 
(Sample)

TP 

(◦C)
SBET 

(m2g− 1)
CO2 

uptake 
at 25 ◦C 
(mmol 
g− 1)

N2 

uptake 
at 25 ◦C 
(mmol 
g− 1)

CO2/N2 

selectivity
REF

Sugarcane 
bagasse

600 388 1.36 - - [7]

Hickory wood 600 401 1.18 - - [7]
Chitosan 600 12 1.60 ~0.20 ~12 [12]
Pine sawdust 550 316 0.67 0.21 18 [18]
Paper mill 

sludge
600 86 ~0.35 - - [18]

Anaerobic 
Digestion 
Digestate

600 13 1.02 - - [35]

CTOP600 600 263 1.43 0.03 334 This 
study

CTOP600MW 600 307 1.56 0.15 157 This 
study
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in Table 3, calculated from high-resolution spectra for a better deter
mination, while survey scans (Figure S1) can clearly illustrate overall 
the presence of C, O, N, and Ca species in the biochar samples. The 
presence of Ca species was attributed to residual calcium carbonate from 
the chitosan commercial powder, potentially resulting from incomplete 
demineralization during chitin extraction from crustaceous shells.

Figure S1 shows an increase in the oxygen peak, as pyrolysis tem
perature rose, especially for MW samples, with CTOP400 and 
CTOP400MW exhibiting the lowest intensity and CTOP800MW showing 
the highest. Both XPS and elemental analysis (EA), reported in Table 3, 
indicated a slight increase in N content with temperature elevation from 
400 to 600 ◦C, followed by a significant decline at 800 ◦C. The nitrogen 
content remained consistent between heating processes. EA data 
revealed that higher pyrolysis temperatures correlated with lower ni
trogen content, a trend also evident in the spectra.

Fig. 3 and Table 3 illustrate deconvolution methods and relative 
percentages of chemical species. The analysis begins with the exami
nation of the C1s core level peak (Fig. 3(a)) to ascertain the abundance 
of graphitic species and bonds involving oxygen and/or nitrogen atoms. 
Beyond the known chemical shifts due to C-C/C-H, shifts are observed 
due to C interactions with O and/or N (C-O/N), (O-C-O), (C––O), and 

-CO3
2- originating from residual calcium carbonate in chitosan.
The π-π* shake-up satellite, a characteristic feature of carbon’s sp2 

hybridization, is marked by a decrease in C-O/N bonds peak intensity as 
the pyrolysis temperature increases, aligning with the reduction of N 
peaks intensity reported in the survey spectra (Figure S1 and Table 3). 
Furthermore, there is a noticeable trend of decreased intensity in peak 
associated with the C-O-/N bonds with rising temperature, suggesting 
enhanced carbonization of the samples. Additionally, the component of 
π-π* peak shows increased intensity with temperature, serving as 
another indicator of the graphitization process.

From the examination of the N1s core level peaks (Fig. 3(b)), the 
intensity of peak pyridinic-N increases as the temperature climbs from 
400 to 600 ◦C but drops as it reaches 800 ◦C in the biochar samples. The 
same is observed for the peak attributed to pyrrolic-N. Intriguingly, at 
the same temperatures, samples pyrolyzed using microwave-assisted 
heating exhibit less pyridinic-N peak intensity than those pyrolyzed 
using conventional heating, although the opposite is observed for 
pyrrolic-N peak.

The thermal stability of the chitosan-based biochar samples was 
examined by TGA (Figure S2) to determine the ideal temperature for 
degassing the biochar sorbents while also preventing deterioration. All 

Table 3 
Relative atomic concentration of biochar sorbents determined by XPS and EA and C1s and N1s core level assignments evaluated from deconvolution procedures.

CTOP400 CTOP400MW CTOP600 CTOP600MW CTOP800 CTOP800MW

Relative atomic concentration (at%)
C1s 77.5 (71.5) 76.5 (69.0) 74.4 (74.2) 63.5 (73.3) 77.9 (78.0) 69.7 (72.0)
O1s 12.4 12.3 12.8 22.9 14.9 23.4
N1s 8.6 (11.3) 9.4 (11.6) 9.5 (10.1) 9.4 (9.8) 4.5 (8.7) 3.9 (7.8)
Ca2p 1.5 0.4 2.6 3.7 1.8 3.0
Si2p n.d. 0.7 0.4 n.d. n.d. n.d.
Cl2p n.d. 0.7 0.2 0.2 n.d. n.d.
S2p n.d. n.d. 0.1 0.3 0.5 n.d.
Na1s n.d. n.d. n.d. n.d. 0.4 n.d.
Carbon species (%)
C-C/H 48.1 38.4 63.7 44.7 67.0 26.8
C-O-/N 26.4 33.8 16.7 21.3 9.0 29.2
O-C-O 13.7 15.8 6.5 13.1 11.7 23.7
C––O 6.6 5.5 3.4 9.7 3.4 7.0
-CO3

2- 2.0 3.7 5.8 5.7 5.8 6.4
π-π* 3.2 2.8 3.9 5.5 3.1 6.9
Nitrogen species (%)
Pyridinic 36.2 26.7 46.5 31.1 37.7 18.9
Amino group 7.2 21.5 16.8 12.5 14.5 25.0
Pyrrolic 27.2 31.4 30.5 37.2 19.8 31.2
Graphitic center 26.6 17.2 4.5 14.7 24.1 20.6
Graphitic valley/Pyridine-N-oxide 2.8 3.2 1.7 4.5 3.9 4.3

n.d. denotes for non-detected. The values in parentheses are obtained from the EA.

Fig. 3. (a) C1s HR spectra for all the biochar samples: red for C-C/H, green for C-O/N, yellow for O-C-O, purple for C––O, blue for -CO3
2- and darker red for π-π* 

transition; (b) N1s HR spectra for all the samples analyzed: red for pyridinic-N, purple for amino group, blue for pyrrolic-N, green for graphitic centers-N and yellow for 
graphitic valley-N or pyridine-N oxide bond.
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samples present an initial weight loss of 5–12 % between 50 and 120 ◦C, 
which can be attributed to the desorption of water and other adsorbed 
gases, followed by a second weight loss of 82–90 % between 500 and 
700 ◦C (or between 350 and 700 ◦C in the case of samples CTOP400 and 
CTOP400_MW) that can be correlated to the thermal degradation of the 
material [12]. The residual mass of the samples, which seems to be 
around 2–7 %, is mainly composed of inorganic compounds and ashes, 
which can only be removed at temperatures higher than 1200 ◦C. The 
increase in pyrolysis temperature has a significant impact on the thermal 
stability of the samples since those pyrolyzed at lower temperatures 
showed lower thermal stability compared to those pyrolyzed at higher 
temperatures [12]. Therefore, the materials’ thermal stability is 
improved when the pyrolysis temperature is raised, as expected [38].

X-ray diffraction (XRD) analysis is performed to identify crystallo
graphic phases in the biochar samples. Figure S3 shows that the biochars 
prepared are amorphous solids. The peaks located at 2θ = 20–30 ◦
(graphite 002) evidence the stacking structure of aromatic layers [39]. 
The XRD of the chitosan powder was also performed and three distinct 
crystallographic reflections were observed at 2θ = 10, 20, and 30 ◦

related to chitosan, which were also previously documented in the 
literature [40]. The presence of calcium carbonate (CaCO3) on the chi
tosan commercial powder was confirmed by observation of five peaks, 
ascribed to crystalline calcite phases (2θ = 29, 39, 43, 47, and 58 ◦), [41]
which appear to be present in the biochar samples as well, as suggested 
by the XPS results (Table 3 and Fig. 3). In addition, vaterite or aragonite 
crystalline phases could be the source of further unexplained peaks [41].

The textural features and porosity of the materials were examined 
using SEM and N2 adsorption/desorption isotherms at − 196 ◦C. The 
SEM images of all the biochar samples are shown in Fig. 4 and S4, giving 
a visual understanding of the morphological traits of the pyrolyzed 
biochar. The images show that the samples obtained from both heating 
procedures and temperatures exhibit heterogeneity in particle size and 
form. The biochar materials exhibit rough surfaces and obvious signs of 
macroporosity. One interesting finding is that conventional heating 
seems to produce biochar that is denser than microwave heating, which 
can limit the material’s ability to adsorb CO2 molecules. Interestingly, 
for the biochar samples pyrolyzed using the microwave method, raising 
the temperature from 400 to 600 ◦C causes a noticeable increase in 
porosity (Figure S4, panels d–e), which is also apparent when con
trasting the images from the two heating methods of the samples py
rolyzed at 600 ◦C (Fig. 4).

From observing Fig. 5(a), which displays N2 sorption isotherms (at 
− 196 ◦C) for the biochar sorbents prepared through MW-assisted py
rolysis, it can be confirmed that, for the samples CTOP600MW and 
CTOP800MW, the N2 sorption isotherms are type I curves, which are 
generally seen for microporous materials. At the bottom of the graph, 
the isotherm for the sample CTOP400MW indicates minimal or negli
gible N2 adsorption at − 196 ◦C. The samples from conventional-assisted 
heating have the same behavior as the CTOP400MW material. This sort 
of sample frequently exhibits this restricted N2 adsorption capacity at 
cryogenic temperatures, which is primarily caused by the predominance 
of ultra-micropores in their porous structure [42].

Nevertheless, the conventional surface area and pore size distribu
tion (PSD) curves for biochars might not be correctly predicted by N2 

adsorption-desorption isotherms [43], as this type of adsorbent mainly 
display micropores. Density functional theory (DFT) computation can be 
used to get a more accurate description of the microporosity of biochars 
and the pore size of microporous carbons (porous with a pore size below 
2 nm) can be determined using CO2 adsorption at 0 ◦C [44]. Similar 
approaches have been used in earlier studies to characterize diverse 
activated carbons using the adsorption isotherms of different gases and 
models like the nonlocal density functional theory (NLDFT) and grand 
canonical Monte Carlo (GCMC) [45].

For those reasons, the NLDFT and MC models were used to determine 
the PSD curves and pore volume of the biochar sorbents. The specific 
surface area (SBET) is determined by applying the theory proposed by 
Brunauer-Emmett-Teller (BET). The textural properties of the samples 
derived from CO2 adsorption at 0 ◦C are summarized in Table 4. The 
results from both heating methods indicate that when raising the py
rolysis temperature from 400 to 600 ◦C there is an enhancement in SBET, 
that slightly reduces as the temperature is increased to 800 ◦C. The 
inferior CO2 adsorption capacity observed for sample CTOP800 (see 
Fig. 1(a)) can be due to its reduced nitrogen content observed by EA 
(Table 3) which directly translates to lower CO2 uptake [46]. The low 
SBET and VP of this sample also sustain this hypothesis. Notably, the 
biochar samples prepared using the microwave heating method exhibit a 
higher SBET than those prepared using a conventional furnace, with the 
CTOP600MW having the highest value overall of 307 m2 g− 1. Regarding 
pore volume calculations derived from the NLDFT method, similar 
trends are observed. These samples’ high SBET and VP could be an 
explanation for the higher CO2 adsorption capacity. The material that 
possessed the highest pore volume value was CTOP600MW (VP =

0.139 cm3 g− 1). This material’s high SBET and high pore volume might 
be one of the reasons behind its high CO2 adsorption capacity illustrated 
in Fig. 1(a).

The PSD curves (Fig. 5(b)) obtained by employing the NLDFT 
method displayed pore widths ranging from 0.34 to 0.70 nm for both 
pyrolysis processes, thus confirming the presence of ultra- and micro
porosity in all biochar samples with the higher ultra- and micropore 
population corresponding to the materials prepared using microwave- 
assisted pyrolysis. This fact could justify the improved adsorption ca
pacity of this set of samples. From the PSD curves, one can conclude that 
for the chitosan-derived sorbents, most of the pores are ultra-micropores 
with sizes of about ≈ 0.35 and 0.5 nm. The decline of the CO2 adsorption 
capacity of the sample CTOP800 could be explained by the pore 
shrinkage resulting from the increase in pyrolysis temperature from 600 
to 800 ◦C, hampering the CO2 molecule diffusion into the pores. While 
this is not the case for microwave-treated samples (CTOP600MW and 
CTOP800MW) where the generated microporosity provides the highest 
selectivity of these samples towards CO2 (Fig. 1(b)) as well as their fast 
adsorption/desorption kinetics (Fig. 2(a)).

Fig. 6 shows the enthalpy of adsorption (ΔHads) values for the MW- 
pyrolyzed samples. A high ΔHads indicates a strong affinity between 
the adsorbent and the adsorbate [32]. There is an increase in ΔHads 
when the pyrolysis temperature is raised from 400 to 600 ◦C, followed 
by a drop at 800 ◦C. Energy heterogeneity is indicated by the initial 
decreasing trend in the results with the amount of CO2 adsorbed (from 
44–57 kJ mol− 1 to 28–43 kJ mol− 1). For chemisorption, ΔHads values 
typically fall between 60 and 90 kJ mol− 1, while for physisorption, they 
typically fall between 25 and 50 kJ mol− 1 [47]. Considering these 
findings, it appears that physisorption may be the primary adsorption 
mechanism. The CO2 isosteric heats of adsorption are consistent with 
those reported for other biochars obtained by the slow pyrolysis method 
[7]. Furthermore, these values fall within the 
engineering-recommended range for post-combustion capture 
(30–60 kJ mol− 1) [48]. The results of isosteric enthalpy of adsorption 
calculations for the biochar obtained through conventional pyrolysis are 
presented in Figure S5 and display a similar pattern apart from 
CTOP400.

To assess the impact of nitrogen content while excluding the effects 
Fig. 4. SEM micrographs of the biochar samples pyrolyzed at 600 ◦C from both 
heating methods (a - CTOP600 and b - CTOP600_MW).
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of microporosity, the CO2 adsorption amount was normalized by the 
micropore volume determined by the MC method (CO2 ads/Vmicro, 
mmol cm− 3), and the results were correlated with the nitrogen content 
determined by elemental analysis (Fig. 7). The experimental data were 
fitted with a linear function for biochars prepared using microwave- 
assisted pyrolysis (panel (a)) and conventional pyrolysis (panel (b)). 
For the microwave-assisted biochars, an increase in CO2 adsorption 
capacity was observed with higher nitrogen content. In contrast, the 
opposite trend was noted for biochars obtained via conventional py
rolysis. This difference could be related to the presence of macroporosity 
in the former samples, which might enhance the diffusion of CO2 mol
ecules into the micropores, allowing them to interact with nitrogen 
species on the material’s surface. The contribution of each nitrogen 
species in CO2 adsorption was estimated from the slope of the trend line, 
based on the XPS data (Table 3) of the microwave-derived biochars. 
Most nitrogen species observed, apart from pyridinic N, appear to 
enhance CO2 adsorption to varying degrees (Fig. 7, panels (c)-(g)). 
Among these, graphitic valley-N/ pyridinic-N-oxide significantly in
creases CO2 adsorption, as indicated by the comparison of slope values. 

This result is in agreement with our previous findings [12].

3.4. 3D-printed biochar adsorbent

The ability of the sorbent to be used in large-scale industrial appli
cations can be increased by immobilizing the sorbent’s particles onto a 
solid support or within a matrix. This can also help to avoid problems 
such as dusting, sorbent material loss, and problems with fluidization 
and pressure drop [48,49]. Additionally, immobilizing porous sorbents 
can boost process efficiency and scalability, increase stability, handling, 
and separation, and improve recyclability, reusability, and mass transfer 
kinetics [50]. Inorganic polymers (IPs, also known as geopolymers) are 
amorphous aluminosilicate materials, defined by a three-dimensional 
network with structural mesoporosity, which have been investigated 
for environmental applications, namely dyes [29] and metals [51]
adsorption from water but also for CO2 capture [51–53]. Besides the 
cost-effectiveness and low carbon footprint, due to the limited energy 

Fig. 5. (a) Adsorption-desorption isotherms of N2 at − 196 ◦C of all the biochar sorbents (filled symbol – adsorption; empty symbol – desorption). The desorption 
branch of CTOP600MW is not in equilibrium; (b) PSD curves determined using the NLDFT method applied to the CO2 adsorption isotherms at 0 ◦C (inset).

Table 4 
Textural properties of the chitosan-based biochar samples determined from the 
CO2 adsorption isotherms at 0 ◦C.

Sample SBET-micro (m2 

g− 1)a
VP-NLDFT (cm3 

g− 1)b
VP-MC (cm3 

g− 1)c
dp (nm)

CTOP400 158 0.078 0.073 0.31 – 
1.47

CTOP400MW 164 0.076 0.074 0.35 – 
1.47

CTOP600 263 0.119 0.104 0.35 – 
1.47

CTOP600MW 307 0.139 0.124 0.35 – 
1.47

CTOP800 186 0.112 0.116 0.31 – 
1.47

CTOP800MW 258 0.119 0.107 0.35 – 
1.47

a BET specific surface area - correlation coefficient (R2)=[0.994–0.998];
b VP-NLDFT denotes pore volume determined from CO2 adsorption isotherms at 

0 ◦C and applying the NLDFT method – Fitting error (%) = [2.00–5.90];
c VP-MC denotes pore volume determined from CO2 adsorption isotherms at 

0 ◦C and applying the MC method - Fitting error (%) = [0.29–1.41].

Fig. 6. Isosteric enthalpy of adsorption for CO2 calculated via the Clausius–
Clapeyron approach with the Freundlich-Langmuir coefficients estimated from 
the isotherms at 0 and 25 ◦C for the biochar samples prepared with microwave- 
assisted pyrolysis (orange- 400 ◦C; Green - 600 ◦C; blue - 800 ◦C).
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consumption during the manufacturing process, geopolymers offer the 
advantage of allowing the incorporation of industrial-relevant residues 
such as red mud or fly ash [54–57], reducing the need for commercial 
virgin raw material (MK), aligned with principles of circular economy. 
In a recent study, we developed a method for preparing 3D-printed IPs 
containing 50 wt% of RM, thereby reducing MK usage, and successfully 
immobilizing the hazardous residue [29]. The preparation of bio
char/inorganic polymer composites through additive manufacturing, 
namely DIW, is of interest as it allows to obtaining precisely designed 
structures with controlled size and shape, open microporosity, and 
interconnectivity between pores. Thus, this study also investigated the 
feasibility of preparing a 3D-printing biochar-containing adsorbent, by 
incorporating the best-performing biochar (CTOP600_MW) into IPs 

obtained by blending red mud (an alkaline hazardous by-product from 
the alumina industry) and metakaolin (the benchmark aluminosilicate 
raw material) with an alkaline activator solution (see Section 2.3.1).

3.4.1. Analysis of structural properties
High-resolution photographies from the optical microscope of the 

3D-printed lattices depicted in Fig. 8 evidence ordered organization with 
controlled distance between filaments (300 ± 10 µm), which retained 
circular diameter (410 ± 10 µm), suggesting the optimum rheological 
properties of the optimized formulations. A comparison of Fig. 8(b) and 
(c), which depict the pristine material (3D-RM/MK) and the material 
incorporating biochar (3D-B/RM/MK), respectively, suggests an 
agglomeration of the biochar particles as evidenced by the presence of 

Fig. 7. CO2 normalized adsorption vs nitrogen content (panel (a) – microwave-assisted pyrolysis; panel (b) – conventional-assisted pyrolysis) and type of N-species 
(panels (c) to (g)) on the biochars produced through microwave-assisted pyrolysis. g- denotes graphitic and py- denotes pyridinic. Color scheme shown in Fig. 2 - 
pyrolysis at 400 (orange color), 600 (green color), and 800 ◦C (blue color).
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irregular black spots in the biochar-incorporated material. This phe
nomenon can be explained by the hydrophobic nature of biochar, 
leading to agglomeration when exposed to water during the ink prepa
ration step for the DIW process.

SEM micrographs of biochar-containing lattice presented in Fig. 9
panels (b) and (d) evidence significantly rougher surface texture of the 
filaments compared with the smooth surface of the biochar-free struc
ture (Fig. 9 panels (a) and (c)). This difference is likely attributed to the 
presence of aggregated biochar particles protruding from the filament 
surface. Interestingly, the incorporation of biochar profoundly in
fluences the filament interior, as evidenced by the presence of numerous 
pores. This contrasts distinctly with the counterpart material devoid of 
biochar, which exhibits a primarily dense structure with sparse pores. 
The presence of pores in the biochar-containing filaments can be 
attributed to the non-reactive nature of biochar, which disrupts the 
polymerization process and creates voids within the filament structure. 
This disruption is likely caused by the biochar’s ability to act as a 
nucleating site for air bubbles, which further contribute to the porosity 
of the material. EDS maps of the printed lattices presented in Fig. 9
panels (e) – (j) confirmed the uneven distribution of carbon, showing 
distinct spots of agglomeration contrasting with the homogeneous dis
tribution of Al, Si, and Fe derived from the IPs network.

The crystalline phases in the 3D-printed samples were identified by 
XRD [29], as shown in Figure S6. The 3D-RM/MK sample contains he
matite (Fe2O3) and phases of hydroxide containing Al, such as boehmite 
(γ-AlO(OH)), chantalite (CaAl2SiO4(OH)4), and gibbsite (α-Al(OH)3). 
Also, the TiO2 phases (rutile and anatase), and sodium aluminum car
bonate silicate (Na5AlCSiO3O15) are present, which is in agreement with 
the chemical composition of the solid raw materials (Table S1) and 
crystalline phases previously reported for these materials [29]. These 
crystalline phases are also present in the carbon-containing structure 
besides two unidentified peaks at 2θ = 34 ◦ sourced from the biochar 
sample. Also, the calcite phase at 2θ = 29 ◦ (see Figure S3) from calcium 
carbonate content present in the biochar sample was corroborated by 

XPS results (Fig. 3 and S1, and Table 3).
The chemical composition of 3D-printed samples was investigated by 

FTIR spectroscopy and EA analysis. As demonstrated in Figure S7, the 
FTIR spectra of the carbon-containing structures reveal bands matching 
those present in the analogous biochar-free sample. It was possible to 
identify the asymmetric band, with a maximum at about 3450 cm− 1, 
and at around 1640 cm− 1 characteristic of the adsorbed water mole
cules. The peak at 1450 cm− 1 is related to stretching vibrations of O-C-O 
bonds resulting from carbonation and the asymmetries of Si-O-Si/Si-O- 
Al in the polymeric network are shown by the peak at 980 cm− 1 [29]. 
The chemical composition determined by EA presented in Table S4, 
demonstrates that the incorporation of biochar significantly increased 
the C and N content from 0.79 % to 10.41 % and 0.07 to 1.29 %, 
respectively.

3.4.2. CO2 adsorption
Fig. 10 (a) shows the pure CO2 and N2 adsorption isotherms at 25 ◦C 

for 3D-printed adsorbents as previously observed for the biochar ma
terials, the adsorption of CO2 is consistently higher than that of N2, 
indicating a strong potential for separating CO2 from N2. By comparing 
the biochar-containing adsorbent with the counterpart material without 
biochar (3D-RM/MK), it is possible to determine that adding biochar 
greatly increased the IPs adsorbent’s capacity and affinity for CO2 with a 
4-fold increase. This is supported by the Henry constants (KH) and Virial 
coefficients (C1, C2, and C3) for the adsorption by applying the Virial 
model, presented in Table S5. Determining Henry constants for N2 
proved unattainable for any of the materials, primarily due to their 
minimal adsorption capacity for this gas. Similarly, the IAST selectivity 
assessment was not possible for these materials since most of the pa
rameters could not be determined due to negligible amounts of N2 
adsorbed or due to constraints in the fitting of the results. Nevertheless, 
all the parameters from the Freundlich-Langmuir fitting are summarized 
in Table S6. This suggests that the prepared samples exhibit a high de
gree of selectivity for separating these two gases. Results also show that 

Fig. 8. High-resolution photographies of the 3D-printed structures without (panels (a) and (b)) and containing biochar (c).

Fig. 9. SEM micrographs of the 3D-printed structures without (panels a and c) and containing biochar (panels b and d) and EDS maps of the biochar-containing 3D- 
printed sample (3D-B/RM/MK) (panels e - j).
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the CO2 adsorption capacity of the biochar-containing sorbent reached 
0.32 mmol g− 1, this being roughly four times lower than the value 
observed for the biochar sample (see details in Fig. 1(a)). However, it 
should be noted that the biochar incorporation in the bulk-type structure 
corresponded to only 20 wt% of the solids. When considering this, the 
results suggest that the efficiency of the biochar in the composites was 
mostly preserved despite the agglomeration phenomenon (see Fig. 9). 
To ascertain whether the CO2 adsorption capacity of the biochar is 
impacted upon its incorporation into the 3D-printed composite, the 
quantities of adsorbed gases were normalized per unit mass of incor
porated carbonaceous material (derived from the carbon and nitrogen 
quantities obtained via EA, Table 3). This normalization accounts for the 
potential effect of a high portion of RM/MK which may diminish CO2 
adsorption. Fig. 10 (b) demonstrates an increase from the original 
carbonaceous powder to the corresponding 3D-printed composite, 
indicating a potential synergy between the carbon and other compo
nents within the printed material to enhance CO2 adsorption. This 
suggests that developing a denser network of micropores within the 3D- 
printed materials might be responsible for this enhancement. These 
promising results indicate the technical feasibility of this innovative 
approach, incorporating biochar into inorganic polymers, which could 
potentially pave the way towards the development of efficient bulk-type 
CO2 sorbents.

Table 5 offers a synopsis of the textural attributes of the 3D-printed 
materials as determined by N2 adsorption at 77 K. The pore volume data 
from the MC model is presented in Table S7. By observing the pore 
volume resulting from the inclusion of biochar (VP = 0.030 cm3 g− 1) we 
can see that this value nearly tripled when compared to the pore volume 
from the reference sorbent (VP = 0.009 cm3 g− 1).

The pore size distribution curves determined from the adsorption of 
CO2 at 0 ◦C for the 3D-printed structures predominantly highlight pore 
diameters within the 0.35 – 0.85 nm range (micropore size), with the 
biochar-incorporated structure exhibiting a higher density of pores in 
that specific range (Figure S8). In contrast, the PSD curve of the sample 
3D-RM/MK indicates a lower number of pores across the displayed 

range, suggesting its lower porosity compared to structures containing 
biochar. The inclusion of biochar is believed to contribute to the 
increased porosity. This observation is further supported by the dimin
ished capacity to adsorb CO2 from the reference sample, even at lower 
temperatures (0 ◦C), as illustrated in Figure S8 (inset). The uptake of CO2 
in both samples decreases as the adsorption temperature increases, 
ranging from 0 to 25 ◦C. This suggests that the predominant process is 
physisorption.

The ΔHads of the 3D-B/RM/MK material was determined with a 
value of 20 kJ mol− 1 (Figure S9), confirming physisorption as the pre
dominant adsorption mechanism. These values fall close to the 
30–60 kJ mol− 1 post-combustion capture range, as advised by engi
neering [48].

4. Conclusions

Chitosan-derived biochar sorbents were prepared at different tem
peratures using conventional and microwave pyrolysis heating to eval
uate their textural properties and CO2/N2 adsorption-separation 
behavior.

The MW-assisted method approach stood out, yielding sorbents with 
high CO2 adsorption capacity, selectivity, and fast adsorption/desorp
tion kinetics, while also being less time- and energy-consuming. These 
enhancements were related to increased N content (as observed by XPS 
and EA), higher surface area and pore volume, along with a combination 
of ultra-microporosity and macroporosity (as observed by adsorption 
isotherms and SEM images), facilitating better CO2 interaction and 
adsorption/desorption performance. Combined with their typical sta
bility in the presence of moisture (not evaluated in this study), these 
features are relevant for applications in direct air capture and flue gas 
treatment.

The biochar sample CTOP600MW emerged as the most effective, 
showing the highest CO2 adsorption capacity at 25 ◦C and 1 bar 
(1.56 mmol g− 1). It demonstrated notable selectivity, as evidenced by 
both the IAST model (46.5 at 100 kPa) in a gas mixture comprising 20 % 
CO2 and 80 % N2 molar fraction and the adsorption isotherm under a 
continuous flux of a CO2/N2 gas mixture replicating the aforementioned 
conditions.

This sample was incorporated into a waste-based mixture (RM/MK) 
to create 3D-printed adsorbents, which exhibited higher CO2 adsorption 
than N2 at 25 ◦C and up to 1 bar, indicating selective CO2 affinity. 
Incorporating 20 wt% of biochar into the 3D-RM/MK matrix resulted in 

Fig. 10. a) Adsorption isotherms of pure CO2 (circle symbols with solid lines) and N2 (circle symbols with dashed lines) gases at 25 ◦C of the 3D-printed materials 
(gray – 3D-B/RM/MK; dark red – 3D-RM/MK). b) CO2 and N2 adsorption isotherms of the 3D-printed materials normalized per unit mass of incorporated carbo
naceous material.

Table 5 
Textural properties of the 3D-printed materials from N2 adsorption at 77 K.

Sample SBET (m2 g− 1) VP (cm3 g− 1)

3D-RM/MK 50 0.009
3D-B/RM/MK 49 0.030
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a 4-fold increase in CO2 adsorption capacity (1 bar and 25 ◦C), 
compared to the biochar-free sample (3D-RM/MK). Interestingly, the 
biochar incorporation did not lead to a similar improvement in N2 
adsorption. This enhanced performance, predicted by the IAST model, is 
attributed to increased microporosity.

Our study demonstrated the creation of highly selective biochars for 
CO2/N2 adsorption-separation through MW-assisted pyrolysis and their 
successful integration into a 3D-printed composite, contributing to 
waste valorization. Future investigations should explore higher biochar 
content in the 3D-printed matrix, alternative IPs raw materials, and 
performance under industrial conditions.
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