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The increase in anthropogenic activity over time has led to an exponential increase in 
greenhouse gas emissions, especially CO2. Profitable technologies for CO2 capture and separation 
are conspicuous, and porous biochars derived from biomass waste can be a useful solution. Herein, 
we produced activated nitrogen-doped biochars for CO2 capture from corn husk waste, urea 
and K2CO3, named N-Bio-X (X = 600, 700, and 800 °C). N-Bio-X exhibited microporosity and 
different nitrogen contents and thus played an important role in the adsorption of CO2. N-Bio-700 
exhibited the highest CO2 adsorption capacity, fastest adsorption kinetics and excellent stability 
after multiple adsorption-desorption cycles. N-Bio-600 showed excellent CO2/N2 selectivity, 
induced by nitrogen sites, particularly pyridinic and graphitic nitrogen. The cost-effectiveness of 
the raw material, coupled with its high adsorption capacity, rapid kinetics, and stable properties, 
provided highly promising N-doped biochars for practical implementation in CO2 capture and 
separations in postcombustion processes.

Keywords: biomass, corn husk, urea, nitrogen-doped biochar, CO2 capture and separation, 
postcombustion

Introduction

According to the Intergovernmental Panel on Climate 
Change (IPCC),1 the burning of fossil fuels is responsible 
for approximately 70% of global CO2 emissions. The 
environmental consequences of these emissions include 
rising global temperatures, ocean acidification and rising 
sea levels, all of which affect biodiversity and food 
security. To mitigate these impacts, the use of CO2 capture 
technologies in industry and even in treating the atmosphere 
has been identified as a promising solution.1 The European 

Union has set a CO2 capture target of 43 million tons by 
2030. Therefore, a significant increase in CO2 capture 
capacity is needed to reach these targets.2,3

CO2 capture and separation can be performed by 
chemical absorption using amine aqueous solutions,4,5 
carbonate solutions,6 ionic liquids,7 adsorption on porous 
solid materials,8,9 membrane separations10 and cryogenic 
distillation.11 Amine aqueous solutions for CO2 absorption 
have been applied in coal-fired power generation and 
natural gas purification.12 Although this method is very 
efficient, its high operating and maintenance costs, as 
well as the potential environmental impacts of its toxic 
byproducts arising from amine degradation, could restrict 
its extensive use for CO2 capture in other applications.4 
Therefore, significant effort has been made to develop 
environmentally friendly methods for low-cost CO2 capture. 
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CO2 adsorption has several advantages over other carbon 
capture technologies because it can be used in a variety 
of settings, such as power plants, industrial processes, 
and transportation, and it is easily integrated into existing 
structures. Moreover, these materials can be combined 
with other carbon capture technologies to improve their 
efficiency.

There are a variety of adsorbent materials for CO2 
capture, including carbon-based materials,9,13 ordered 
porous silicas,14-16 zeolites,17,18 metal-organic frameworks,19 
and covalent-organic frameworks.8 These materials usually 
have high surface areas and pore volumes and tunable 
pore sizes. The selectivities and adsorption capacities 
of ordered porous silicas,14-16 zeolites,20,21 metal-organic 
frameworks,19,22,23 and covalent-organic frameworks 
toward CO2 can be improved by surface or pore chemical 
functionalization with amino groups.

Carbon-based materials, particularly biochars, are 
promising adsorbents for CO2 capture because they can 
be obtained from biomass waste, which reduces the 
costs of production and is easily scalable.24-28 Currently, 
agricultural residues, including eucalyptus bark,29 banana 
and grapefruit peel,30 rice husk31 and coconut,32,33 peanut,34,35 
and macadamia nutshells,36 have been used as feedstocks to 
produce porous carbon-based materials for the adsorption 
of organic pollutants, heavy metals and CO2.37,38 Biochars 
are thermically stable and highly microporous, have 
high CO2 adsorption capacities at low pressures, exhibit 
fast CO2 adsorption/desorption kinetics and are therefore 
good candidates for CO2 capture and separation in 
postcombustion processes.39,40 Additionally, the affinities 
and selectivities of these materials for CO2 can be improved 
by the introduction of nitrogen atoms into their frameworks 
through copyrolysis with nitrogen-containing compounds 
such as melamine,41 ethylenediamine,42 sodium amide,43 and 
urea.44 The nitrogen species are more basic than the carbon 
atoms and they improve the CO2 adsorption capacities at 
low pressures and thus increase the CO2  selectivity of the 
gas mixture. The adsorption capacity can also be improved 
by the addition of KOH to the biomass during pyrolysis to 
increase the surface area and pore volume of the resulting 
material.45 At temperatures higher than 600 °C, KOH 
reacts with the carbon framework to remove carbon and 
create pores.40 However, alkaline KOH is a corrosive and 
hazardous chemical, and other activating reagents, such as 
K2CO3, have been proposed to create porosity.46

In this work, N-doped activated biochars for CO2 
capture (N-Bio-X, X = 600, 700 and 800 °C) were prepared 
from corn husk as a feedstock, urea as a nitrogen source 
and K2CO3 as an activating agent. As the second largest 
agricultural area in the world, corn produces a large amount 

of corn husk waste and can be used as a biomass source 
to produce biochars.47 This practice can promote waste 
reduction by developing sustainable and efficient materials, 
thereby safeguarding our natural resources.48 However, to 
our knowledge, few studies have explored this biomass as 
a feedstock for biochar preparation for use as an adsorbent 
for CO2 capture. Because urea is an inexpensive chemical, 
it has become an interesting nitrogen-containing compound 
with which to dope biochar from corn husks. Therefore, 
we investigated the effects of activation temperature on 
the surface area, pore volume, pore size and nitrogen 
percentage of N-Bio-X and correlated these properties 
with the CO2 adsorption capacity, thermodynamics, and 
selectivity. Kinetic and cyclic adsorption-desorption studies 
were also carried out to understand the behavior of the 
synthesized biochars under CO2 flow.

Experimental

Materials

The following reactants and solvents were used: 
potassium carbonate (K2CO3, P.A., Sigma-Aldrich, St. 
Louis, USA), urea (NH2)2CO, 99.5%, Sigma-Aldrich, 
St. Louis, USA), ethanol (EtOH, 95%, Isofar, Duque de 
Caxias, Brazil) and hydrochloric acid (HCl, 37%, Isofar, 
Duque de Caxias, Brazil). Corn husks were purchased from 
a local market.

Preparation of biochar from corn husk biomass (Bio-500)

The corn husks were washed with water, dried at 
100  °C for 2 h and ground in a conventional blender 
until a homogeneous powder was formed. Then, the 
powder (535 g) was heated at 500 °C (10 °C min-1) under 
a static air atmosphere for 2 h. The obtained biochar was 
named Bio-500 (10 g) and used as a precursor to obtain 
nitrogen-doped biochars. Elemental analysis (CHN) of 
the Bio-500 samples revealed the following: C, 73.20%; 
H, 3.16%; and N, 1.71%.

Preparation of N-doped and activated carbons (N-Bio-X, 
X = 600, 700 and 800 °C)

The preparation of the biochars is schematically 
represented in Figure 1.

In a porcelain mortar, 1.0 g of the Bio-500 precursor, 
1.0 g of urea and 1.5 g of K2CO3 with a mass ratio of 1:1:1.5 
were ground to obtain a homogeneous mixture, which was 
subsequently added to a 100 mL beaker containing 80 mL 
of EtOH. The mixture was heated to 80 °C and stirred 
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magnetically until solvent evaporation. The black solid 
was dried at 90 °C in a drying oven. The resulting solid 
was introduced in a vertical furnace on a glass wool surface 
and heated at 600, 700 or 800 °C under a N2 atmosphere 
(150 mL min-1) at a heating rate of 5 °C min-1 for 2 h. 
The resulting products were washed with 1 mol L-1 HCl 
to remove the remaining unreacted K2CO3 and then with 
distilled water up to neutral pH. The solids were dried 
at 110 °C overnight to form nitrogen-doped biochars, 
which were named N-Bio-X (X = 600, 700 and 800 °C), 
yielding 0.33 g (N-Bio-600), 0.27 g (N-Bio-700) and 0.20 g 
(N-Bio-800) of each material. Elemental analyses (CHNs) 
were performed for N-Bio-600: C, 62.01%; H, 2.91%; 
N, 3.58%; N-Bio-700: C, 57.12%; H, 3.43%; N, 2.12%; 
N-Bio-800: C, 56.74%; H, 4.05%; and N, 0.74%.

Characterization techniques

The CHN contents were determined with a PerkinElmer 
(Shelton, USA) CHN 240 C Elemental Analyzer (IQ-USP). 
Powder X-ray diffraction (PDRX) patterns were acquired 
on a Miniflex Rigaku II (Tokyo, Japan) diffractometer 
(Cu Kα radiation = 1.5418 Å) with a 2θ range of 10-60°. 
Raman spectra were collected on a Witec Alpha 300 
spectrometer (Ulm, Germany) using an excitation laser 
at λ = 532 nm and a 50× lens glass. X-ray photoelectron 
spectroscopy (XPS) was performed with a Thermo 
Scientific Escalab 250Xi (Waltham, USA) system with 
monochromated Al Kα radiation (1486.6 eV). The survey 
spectra were recorded using 0.2 eV steps and a 100 eV 
analyzer pass energy. The high-resolution N 1s binding 
energies were measured with a 25  eV analyzer pass 
energy with 0.2 eV steps. Deconvolutions of the signals 

centered at 400.1 eV (N 1s) were carried out with CasaXPS 
software.49 Nitrogen adsorption/desorption isotherms were 
measured on a Micromeritics ASAP 2020 (Norcross, 
USA) system at -196  °C. For these measurements, the 
samples were pretreated at 180 °C under vacuum for 24 h. 
The Brunauer‑Emmett‑Teller (BET) equation and the 
Horvath-Kawazoe (HK) method were used to determine 
the specific surface areas and cumulative pore volumes, 
respectively. Transmission electron microscopy (TEM) 
images were obtained with a probe-corrected FEI Titan 
80‑300 (Hillsboro, USA) transmission electron microscope 
(80  kV). The images were acquired in scanning TEM 
(STEM) mode using a high-angle annular dark-field 
(HAADF) detector. The samples were prepared by 
dispersing 1.0 mg of the biochars in isopropyl alcohol 
(3 mL) in an ultrasonic bath for 10 min. Then, one drop of 
the dispersion was placed on a lacey carbon copper grid 
(300 mesh) and dried at room temperature.

CO2 adsorption experiments

CO2 isotherms were measured in the low-pressure regime 
(0-1 bar) at three different temperatures, 25, 50 and 70 °C, 
with a Micromeritics ASAP 2020 (Norcross, USA) system. 
The equilibrium parameters were obtained using three 
adsorption mathematical models, the Langmuir, Freundlich 
and Toth equations, with the datafit function of the free 
software Scilab.50 The best model was selected based on the 
normalized standard deviations. The adsorption enthalpy 
was calculated from the Clausius‑Clapeyron equation. 
The same temperature and pressure conditions used to 
obtain CO2 isotherms were used to obtain N2 isotherms 
and determine the CO2/N2 selectivities (IASTCO2/N2

).  

Figure 1. Representation of the procedure employed for the preparation of the biochars.



Microporous Nitrogen-Doped Activated Biochars Derived from CornHisse et al.

4 of 15 J. Braz. Chem. Soc. 2024, 35, 11, e-20240034

The selectivity IASTCO2/N2
 was calculated using the ideal 

adsorption solution theory (IAST) derived from Henry’s 
law and the Gibbs isotherm equations.51

Kinetic CO2 uptake adsorption experiments

The kinetic isotherms for CO2 uptake were obtained 
on a Shimadzu DTG-60/60-H TG (Japan) apparatus based 
on the procedure reported by Yang et al.52 The samples 
(7.0 mg) were placed in alumina crucibles and pretreated 
at 120 °C under a N2 flow of 50 mL min-1 for 1 h or until 
the mass stabilized. The temperature was cooled to 30 °C, 
and CO2 was added to the sample (50 mL min-1), whereas 
a N2 flow (50 mL min-1) was passed through the balance. 
The CO2 uptake adsorption was measured until no mass 
variation was detected (equilibrium), and then the CO2 flow 
was switched off to allow CO2 desorption until the initial 
mass was reached. The desorption time was held the same 
for each cycle. This procedure was repeated seven times.

Results and Discussion

Syntheses of the nitrogen-doped biochars: Bio-500 and 
N-Bio-X (X = 600, 700 and 800 °C)

Biochar Bio-500 was obtained by heating ground corn 
husk waste at 500 °C under a static air atmosphere for 2 h. 
The percentage of nitrogen in Bio-500, determined by 
elemental analysis, was 1.71%. Corn husks usually contain 
proteins and lignin-containing nitrogen compounds, which 
can be incorporated into biochar as nitrogen atoms during 
thermal decomposition.53-55 We added more nitrogen atoms 
to Bio-500 by using urea as the nitrogen source and K2CO3 
to activate the material at different calcination temperatures, 
resulting in nitrogen-doped biochars N-Bio-X (X = 600, 
700 and 800 °C).

At high temperatures, K2CO3 decomposed into CO2 and 
K2O, etched the carbon atoms in the lattice of Bio-500 and 
produced microporous structures based on the reactions 
shown in equations 1 to 3. At temperatures higher than 
700  °C and in the presence of K2CO3, the pore volume  
and/or size increase.40,56

K2CO3(s) → K2O(s) + CO2(g)	 (1)
C(s) + CO2(g) → 2CO(g)	 (2)
K2O(s) + C(s) → 2K(s) + CO(g)	 (3)

The N-doping process occurs via thermal decomposition 
of urea and is a complex process depending on the heating 
temperature.57,58 Briefly, at temperatures above 133 °C, urea 
decomposes into ammonia, biuret, triuret, and isocyanic 

acid.58 The latter compound can further decompose into 
cyanuric acid, which sublimes at temperatures above 
300 °C. The percentages of nitrogen atoms incorporated 
into the biochars, as determined by elemental analyses, 
were 3.58, 2.12, and 0.74% for the N-Bio-600, N-Bio-700, 
and N-Bio-800 samples, respectively. The percentage of 
nitrogen atoms decreased as the activation temperature 
increased, which may be attributed to thermal reactions of 
the incorporated nitrogen atoms.

Wang and co-workers 36,59-61 reported the effect of 
the activator amount on the development of the material 
porosity. Increasing the activator ratio in the feedstock 
resulted in higher values of specific surface area and pore 
volume. Nonetheless, Tanaka and co-workers62 observed a 
pore widening feedstock effect employing higher quantities 
of K2CO3 as an activating agent as a result of increasing 
meso- and macropore volumes. Aiming to produce 
adsorbent solids for postcombustion applications, we fixed 
a low feedstock:activating agent ratio (1:1) to prioritize the 
obtainment of microporous solids to capture CO2 in the 
low-pressure regime.

Characterizations

Characterization of the biochars via XPS (survey) 
revealed C 1s (285.1 eV), N 1s (400.1 eV) and O 1s (533.1 eV)  
signals for all the samples (Figure 2a). To investigate 
the nature of the nitrogen atoms incorporated into the 
samples, as shown in Figure 2b, high-resolution XPS 
spectra were obtained (Figures 2c-2f). Deconvolution of 
the signal centered at 400.1 eV (N 1s) using the software 
CasaXPS resulted in three signals. The signals at 398.6 and  
400.1 eV were assigned to pyridinic and pyrrolic nitrogen, 
respectively.13,63-65 The signal at 402.5 eV was in the range of 
graphitic nitrogen (401.1-402.7 eV) and pyridinic nitrogen 
oxide (402.6 eV).49,66 Considering the anoxic environment 
present during the preparation of N-doped materials under 
a N2 atmosphere, graphitic N was more likely to form than 
pyridinic N-oxide was. The percentages calculated from the 
areas of the C 1s, N 1s and O 1s signals in the survey spectra, 
as well as the percentage of each type of nitrogen-containing 
functional group found in the high-resolution spectra, are 
shown in Table 1. The nitrogen percentages obtained from 
elemental analyses are also listed in Table 1 for comparison.

The percentages of nitrogen in the biochars calculated 
from the XPS data were similar to those obtained from 
the elemental analyses (Table 1). Most importantly, both 
nitrogen determinations (XPS and elemental analysis) 
showed similar tendencies involving decreases in 
the nitrogen percentage as the activation temperature 
increased.
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The Raman spectra of the biochars are displayed in 
Figure 3a. There were two bands, one ca. 1350 cm-1 and 
the other ca. 1580 cm-1, related to the D-band and G-band, 
respectively. The G signal is due to the E2g phonon, and 
the D band is due to the breathing modes of sp2 rings and 
requires defects for activation.67,68 The ID/IG ratio indicates 
the degree of structural defects in the biochar materials. The 
ID/IG values for Bio-500 and N-Bio-600 were determined 
to be 0.80 and 0.96, respectively, suggesting a significant 
increase in the proportion of structural defects in the 
latter biochar. These defects may include edges, grain 
boundaries, vacancies, inserted atoms, and changes in 
carbon hybridization (from sp2 to sp3).48 The ID/IG ratios for 
N-Bio-700 and N-Bio-800 were 1.00 and 1.02, respectively. 
By comparing the ID/IG ratios of the N-doped biochars 
(N-Bio-600, N-Bio-700, and N-Bio-800) with that of the 
precursor Bio-500, we observed a gradual increase in 
the number of structural defects in the N-doped samples 
(Table S1, Supplementary Information (SI) section). The 

enhanced defect formation in N-Bio-600 compared to 
that in Bio-500 may be attributed to the incorporation of 
nitrogen atoms into the carbon structure of the precursor and 
the activation process. However, the smoother increases in 
defects observed for N-Bio-600, N-Bio-700, and N-Bio-800 
were most likely influenced by the activation temperature 
rather than by nitrogen insertion into the carbon structures.

PDXR patterns revealed low crystallinities for all the 
biochars, as expected (Figure 3b). The two broad peaks 
at 2θ ca. 24° (002) and 43° (100) were attributed to the 
interlayer distances and 2D in-plane graphitic structures, 
respectively.69,70

N2 physisorption isotherms and cumulative pore volume 
curves were recorded to investigate the porosity of the 
biochars (Figures 4a-4b and Table 2). The specific surface 
areas (SBET) obtained by the BET method were 355 m2 g-1 
for Bio-500, 1095 m2 g-1 for N-Bio-600, 1521 m2 g-1 for 
N-Bio-700, and 1944 m2 g-1 for N-Bio-800. According 
to the IUPAC classification, all of the biochars exhibited 

Table 1. Percentages of C, O and N atoms in the biochars determined by X-ray photoelectron spectroscopy (XPS) 

Biochar
Percentage / %

C O N N (EA)a Pyrrolic-N Graphitic-N Pyridinic-N

Bio-500 83.77 14.22 2.01 1.71 1.45 0.10 0.45

N-Bio-600 75.38 19.60 5.02 3.58 4.04 0.28 0.71

N-Bio-700 80.93 16.47 2.60 2.12 1.87 0.38 0.34

N-Bio-800 78.55 20.91 0.54 0.74 0.41 0.04 0.09
aPercentage of nitrogen atoms determined from elemental analysis.

Figure 2. (a) XPS survey spectra of Bio-500, N-Bio-600, N-Bio-700 and N-Bio-800. The Si peaks are contaminations from glass wool used in the activation 
process. (b) Possible N-containing functional groups in the biochars. High-resolution N 1s spectra of (c) Bio-500, (d) N-Bio-600, (e) N-Bio-700 and 
(f) N-Bio-800.
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combinations of type I and IV isotherms.71 Type I isotherms 
are characteristic of microporous materials, in which solid-
gas interactions occur predominantly at low pressures  
(p/p0 < 0.01). With increasing activation temperature, 
the saturation points of the N2 isotherm curves shifted 
to higher pressures, indicating enlarged pore sizes. 
The cumulative pore volume distributions, which were 
calculated using the Horvath-Kawazoe method,72 provided 
insight into the volumes of pores smaller than 1 nm, 
between 1 and 2 nm, and larger than 2 nm (Table  2). 
Furthermore, we plotted the volumes of micropores 
smaller than 1 nm and larger than 1 nm for the biochars 
(Figure 4c). The results showed that the total volume 
of micropores smaller than 1 nm was twice the volume 
of pores larger than 1 nm (including micropores and 
mesopores). Considering the volumes for micropores 
smaller than 1 nm, as the activation temperature increased, 
the micropore volume increased linearly, but the slopes 
of the curves decreased as the temperature increased 
from N-Bio-700 to N-Bio-800 (Figure 4c). For pore 
volumes larger than 1 nm, which included micropores and 
mesopores, the opposite effect occurred, with increasing 
slopes observed for N-Bio-700 to N-Bio-800. Our findings 
were consistent with results described in the literature.73-75 

For example, McKee73 investigated the catalytic effects of 
various alkali metal carbonate salts on the gasification of 
carbon-based materials and observed a maximum carbon 
gasification rate when using K2CO3 at 800 °C, which 

increased the volume contribution from pores larger than 
2 nm. Similarly, Kim et al.75 reported an increase in the 
mesopore volume of biochar produced from coffee grains 
activated with K2CO3 at temperatures above 800 °C.

STEM images of the activated N-doped biochars 
revealed sponge-like structures with pore sizes on the 
nanometer scale, whereas the precursor Bio-500 showed 
a less porous structure, indicating that K2CO3 efficiently 
activated the materials (Figure 5). The images also 
revealed that as the activation temperature increased, the 
structures of the biochars became more leafed, porous, 
curved and wrinkled, thereby increasing the porosities of 
the samples, which was consistent with the BET surface 
areas (Table 2).

Figure 3. (a) Raman spectra and (b) PXRD patterns of Bio-500, 
N-Bio-600, N-Bio-700 and N-Bio-800.

Figure 4. (a) N2 isotherms and (b) cumulative pore volume of Bio-500, 
N-Bio-600, N-Bio-700 and N-Bio-800. (c) Correlations between the 
volumes of micropores smaller than 1 nm and pores larger than 1 nm 
for the biochars.
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Table 2. Textural parameters, percentages of nitrogen atoms from elemental analyses, and CO2 adsorption capacities of Bio-500, N-Bio-600, N-Bio-700 
and N-Bio-800 at 1 bar

Biochar SBET / (m2 g-1) Vtotal / (cm3 g-1) Vnarrow / (cm3 g-1) Vmicro / (cm3 g-1) Vmeso / (cm3 g-1) N / % CO2 / (mmol g-1)

Bio-500 355 0.17 0.11 0.03 0.03 2.01 1.66

N-Bio-600 1095 0.41 0.33 0.05 0.04 5.02 3.38

N-Bio-700 1521 0.65 0.51 0.08 0.06 2.60 4.23

N-Bio-800 1944 0.86 0.61 0.16 0.09 0.54 3.70

SBET: specific surface area calculated by the BET method; Vtotal: total micropore and mesopore volume; Vnarrow: micropore volume for sizes < 1 nm; 
Vmicro: micropore volume for sizes between 1 and 2 nm; Vmeso: mesopore volume for sizes > 2 nm; N: percentages of nitrogen atoms from XPS analyses; 
CO2: adsorption capacities at 1 bar and 25 °C. XPS: X-ray photoelectron spectroscopy.

Figure 5. STEM images of (a) and (b) Bio-500, (c) and (d) N-Bio-600, (e) and (f) N-Bio-700 and (g) and (h) N-Bio-800 obtained at different magnifications.

CO2 adsorption isotherms

The CO2 adsorption isotherms indicating the amount of 
CO2 adsorbed by the biochars in mmol of CO2 per gram of 

biochar were obtained at 25 °C and at low pressures, and the 
results are shown in Figure 6a and Table 2. All of the N-doped 
activated biochars displayed higher CO2 adsorption capacities 
than did the nonactivated biochar Bio‑500, revealing that 

Figure 6. (a) CO2 adsorption isotherms of Bio-500, N-Bio-600, N-Bio-700 and N-Bio-800 at 25 °C. (b) A plot relating the CO2 adsorption capacities at 
1 bar, the narrow micropore volumes (< 1 nm) and the nitrogen contents obtained from the XPS analyses to the temperatures used for activation of the 
N-doped biochars.
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the addition of urea and the activation processes involving 
K2CO3 at different temperatures increased the CO2 adsorption 
capacities of the solids. This difference was related to the 
combination of several properties of the N-doped activated 
biochars, such as greater surface areas and higher micropore 
volumes than those of Bio-500, particularly for pores with 
sizes smaller than 1 nm. Additionally, the amount of nitrogen 
inserted in the carbon structures of the N-doped biochars may 
also have important effects on the CO2 adsorption capacities 
and selectivities (Table 3).

N-Bio-800, with a BET surface area of 1944 m2 g-1, 
exhibited a lower CO2 adsorption capacity (3.70 mmol g-1) 
at 1 bar than did N-Bio-700 (4.23 mmol g-1), with a BET 
surface area of 1521 m2 g-1. It is well known from the 
literature that under low pressures, microporous materials 
are efficient gas adsorbents because the small distances 
between opposite walls produce effective adsorption force 
fields.80 We plotted a graph relating the narrow micropore 
volumes (< 1 nm) and nitrogen percentages to the activation 
temperatures of the N-doped biochars (Figure 6b). When 
comparing biochars Bio-500, N-Bio-600 and N-Bio-700, 
increases in micropore volume (< 1 nm) were followed by 
increased CO2 adsorption (1.66-4.73 mmol g-1). However, 
as previously mentioned, N-Bio-800 had a greater 
micropore volume and lower CO2 adsorption capacity than 
did N-Bio-700, indicating that other properties, such as the 
percentage of nitrogen, should be considered to explain this 
result. When the percentage of nitrogen increased to an 
activation temperature of 600 °C, the value decreased, e.g., 
the nitrogen percentage for N-Bio-800 was 0.54%, while 

that for N-Bio-700 was 2.60% (Table 2). The insertion 
of nitrogen atoms into the carbon structure can improve 
the CO2 adsorption capacity because nitrogen is more 
electronegative than carbon.13 Nitrogen atoms produce 
localized charge regions, improving the interactions 
between CO2 and the adsorbent.13 The results obtained in 
the present work indicate a synergistic effect between the 
micropore volume (< 1 nm) and the percentage of nitrogen 
inserted in the N-doped biochars, which is dependent on 
the activation temperature, determining the CO2 adsorption 
capacity. Therefore, the N-biochar activated at 700 °C had 
a high nitrogen percentage and high volume for micropores 
smaller than 1 nm, which led to the highest CO2 adsorption 
capacity among the synthesized materials.

Equilibrium isotherm models

Figure 7 shows the experimental CO2 adsorption 
isotherms measured at 25, 50 and 75 °C for Bio-500 and 
N-Bio-X (X = 600, 700 and 800 °C), respectively, and 
their respective fits to the Langmuir, Freundlich and Toth 
models.81,82 The parameters obtained from each fitted 
equilibrium model are displayed in Table S2 (SI section).

In the Langmuir model, the adsorbate remains static on 
the adsorbent surface, and the interactions between them 
present a homogeneous energy distribution.83 The Langmuir 
equation is written as follows:

	 (4)

Table 3. Comparison between CO2 selectivities and other properties of the N-doped biochars prepared in this work and those of N-doped biochars described 
in the literature

Sample Biomass
Nitrogen source; 
nitrogen amount / 

wt.%

Selectivity at 25 °C
SBET / (m2 g-1)

CO2 adsorption 
capacity at 25 °C 

(1 bar) / (mmol g-1)
Reference

 (15:85)

N-Bio-600 corn husk (NH2)2CO; 5.02a 53.74 1095 3.38 this work

N-Bio-700 corn husk (NH2)2CO; 2.60a 19.12 1521 4.23 this work

N-Bio-800 corn husk (NH2)2CO; 0.54a 6.96 1944 3.70 this work

BC600 banana peel (NH2)2CO; 3.15a 17.45 3098 3.59 Li et al.30

GG600 grapefruit peel (NH2)2CO; 3.37a 10.59 2996 3.05 Li et al.30

SG-CN(2) sugarcane bagasse melamine; 3.4b - 1111 3.34 Adio et al.41

CAC-5 rice husk chitosan; 8.61a 15.3 1496 3.68 He et al.76

CAC-6 rice husk chitosan; 4.79a 20.4 1638 ca. 2.80 He et al.76

CP800 corncob powder none; 1.57a ca. 13 827 ca. 3.4 Li et al.77

CPU800 corncob powder (NH2)2CO; 3.12a ca. 24 1016 ca. 3.8 Li et al.77

CKC-900-4 corn kernel none 19 1726 3.63 Wu et al.78

RHC-PC-2 rice husk none 37.80 1343 3.40 Gan et al.79

aN content determined by XPS (X-ray photoelectron spectroscopy) analysis; bN content determined by EDX. SBET: specific surface area calculated by the 
BET method.
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where  is the amount of CO2 adsorbed (mmol g-1) at pressure 
P,  (mmol g-1) is the maximum monolayer adsorption 
capacity and KL (bar-1) is the Langmuir constant related to 
the free energy of adsorption. The Freundlich equation was 
given by He et al.:76

	 (5)

where KF (mmol g-1 bar-nF) and nF are parameters that refer 
to the adsorption capacity and adsorption intensity between 
the adsorbent and adsorbate, respectively.

The Toth isotherm is usually applied to describe 
heterogeneous adsorption systems and is expressed as 
follows:84

	 (6)

where P is the pressure (bar),  (mmol g-1) is the saturation 
loading, KT (bar-1) is the equilibrium constant and nT 
characterizes the heterogeneity of the system.

The goodness of fit between the experimental 
equilibrium data and the models was determined from the 
normalized standard deviation (∆q):

	 (7)

where n is the number of experimental points and the 
subscripts “exp” and “mod” refer to the experimental 
adsorption data and the adsorption data calculated by the 
models, respectively.84

From the values of ∆q (Table S2, SI section), we 
conclude that the Toth isotherm model gave the best fit 
to the CO2 adsorption equilibrium data for the N-doped 
biochars. Notably, for the CO2 isotherms of N-Bio-600, 
N-Bio-700 and N-Bio-800, the values were less than 1 
(Table S2), revealing that the biochar surfaces were 
energetically heterogeneous and that the CO2 was 
absorbed to form multilayers.85 The equilibrium constant 
(KT) decreased as the adsorption temperature increased 
(Table S2), indicating that high adsorption temperatures 
disfavored solid-gas interactions. Moreover, the KT 
values obtained at the same adsorption temperature for 
N-Bio-600, N-Bio-700 and N-Bio-800 decreased as 
the N-doped biochar activation temperature increased, 
suggesting that the strength of the solid-gas interactions 
decreased in the order N-Bio-600 > N-Bio-700 > 
N-Bio-800. This difference in solid-gas interaction 
strength could be associated with the greater percentage of 
nitrogen in the N-Bio-600 sample than in the N-Bio-700 
and N-Bio-800 samples. As we previously mentioned, 
the nitrogen atoms inserted into biochars could improve 
the interactions between CO2 molecules and adsorbents 
through the formation of localized charge regions. Most 
likely, based on the  values (< 1) determined by the Toth 
model, these nitrogen atoms might be heterogeneously 
distributed across the surface.

The N2 isotherms measured at 25 °C for N-Bio-X 
(X  =  600, 700 and 800 °C) were also fitted with the 

Figure 7. Experimental CO2 adsorption isotherms and curve fits with 
the Langmuir, Freundlich and Toth equations for (a) N-Bio-600, 
(b) N-Bio-700 and (c) N-Bio-800 measured at 25, 50 and 75 °C.
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Langmuir, Freundlich and Toth models (Figure S1 and 
Table S3, SI section). The Toth model again provided the 
best fit. In contrast to CO2 adsorption, the N2 adsorption 
capacity was independent of the nitrogen percentage present 
in the N-doped biochars. Moreover, the N2 adsorption 
capacity increased as the specific surface area increased.

Isosteric heats of CO2 adsorption

The Clausius-Clapeyron equation (equation 8) was used 
to calculate the isosteric heats of CO2 adsorption on the 
N-doped biochars, with the adsorption isotherms measured 
at 25, 50 and 75 °C (Figure S2). Due to the goodness of fit 
between the Toth model and the experimental equilibrium 
data, we used such curves to apply the Clausius-Clapeyron 
equation.

	 (8)

where Qst (kJ mol-1) is the isosteric heat for the amount 
adsorbed n (mmol g-1), P (bar) is the pressure, T (K) is the 
adsorption temperature and R (8.314 10-3 kJ mol K-1) is 
the universal gas constant. The slope of the ln (P) versus 

1/T plot was  (Figure S3). The negative values of 

the isosteric heats (Qst) observed in Figure 8 confirmed 
the exothermic nature of the process and explained the 
decreased CO2 adsorption capacities of the biochars 
with increases in the temperatures of the isotherms, as 
observed in Figure 7. The isosteric heat decreased for all 
the N-doped biochars as the CO2 coverage increased from 
0.01 to 2.00 mmol g-1 (Figure 8). Most likely, the CO2 
molecules preferentially adsorbed on the most energetic 
sites on the surfaces of the biochars, i.e., the nitrogen 
sites, and then, as these sites were occupied, adsorption 
occurred on the less energetic sites.86 Moreover, the greater 
surface heterogeneity of N-Bio-600 than of the other 
samples was indicated by the most prominent variation 
in its isosteric heat  as the CO2 coverage increased. 
Considering the uptake of 0.01 mmol g-1 CO2 (Figure 8), 
the calculated isosteric heat  became less negative as the 
activation temperature of the N-doped biochar increased, 
e.g., -34.15 kJ mol‑1 for N-Bio-600, -30.50 kJ mol-1 for 
N-Bio-700 and -27.43  kJ  mol-1 for N-Bio-800. These 
results were consistent with those obtained from the 
Toth model, which confirmed that the N-Bio-600 sample, 
which had the highest nitrogen percentage and was the 
most energetic and heterogeneous surface, formed the 
strongest interactions with CO2. In addition, the type of 
nitrogen incorporated in biochar, e.g., pyridinic, graphitic 

or pyrrolic, is important for solid-gas interactions.13 All 
nitrogen species may interact with CO2; however, the 
interaction with pyridinic nitrogen might be stronger than 
that with pyrrolic nitrogen because the lone pair on the 
nitrogen atom of the pyridinic ring is available to interact 
with the acidic CO2 molecule. The graphitic nitrogen 
types, particularly those containing nitrogen in the meta 
position of the ring, can strongly interact with CO2 due 
to the high polarization caused by nitrogen substitution. 
Indeed, N-Bio-600, which presented the most negative 
isosteric heat (Qst), was the solid containing the highest 
percentage of pyridinic and graphitic nitrogen atoms 
(0.99%) in comparison with N-Bio-700 (0.72%) and 
N-Bio-800 (0.13%) (see Table 1).

The relatively low  values are commonly associated with 
the physisorption process. According to the literature, the 
optimal range is typically -30 to -50 kJ mol‑1. Materials 
with higher isosteric heats of adsorption require more energy 
to undo the formed interactions and promote desorption, 
which can have negative economic implications.87

Selectivity studies (CO2/N2)

Postcombustion is used in thermoelectric power plants 
and in the fertilizer industry. The combustion of coal or 
natural gas in the presence of air releases a gas flow at 
a pressure of 1 bar, which contains a low concentration 
of CO2 (approximately 15%), a high content of N2 

(approximately 78%) and low percentages of other gases 
such as H2O, O2, CO, NOx and SOx.13 Therefore, the 
separation between CO2 and N2 must occur via adsorbents 
with high CO2 selectivities at low pressures. The recovery 
of adsorbents containing CO2 is conducted by heating  
and/or under vacuum.13 Therefore, it is necessary to 
investigate the selectivities of new adsorbent materials for 
CO2 and N2.

Figure 9a shows the CO2 and N2 adsorption branch 
isotherms measured at 25 °C. All of the N-doped biochars 

Figure 8. Isosteric heats  for CO2 adsorption onto N-Bio-600, N-Bio-700 
and N-Bio-800.
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adsorbed much greater amounts of CO2 than N2. Because 
CO2 has a smaller kinetic diameter, a higher quadrupole 
moment (CO2, 13.4 × 10-40 C m2; N2, 4.7 × 10-40 C m2) 
and a higher polarizability (CO2, 29.0 × 10-25 cm-3; 
N2, 17.4 × 10‑25 cm-3) than N2, more CO2 is expected to be 
adsorbed on N-doped biochars.71

A comparison of the N2 adsorption capacities of the 
N-Bio-X materials (X = 600, 700 and 800 °C) revealed 
that the increase in adsorption strength was proportional 
to the increase in activation temperature. This result is 
ultimately related to the increased specific surface areas and 
pore volumes of N-Bio-X (Table 2). In contrast, the CO2 
adsorption behavior did not depend only on the increased 
surface areas of the biochars, as previously discussed.

The selectivity for a binary mixture of CO2 and N2 at 
25 °C can be calculated with the ideal adsorbed solution 
theory (IAST) from the single-component adsorption 
isotherms for CO2 and N2.72 For the selectivity calculation, 
the ratio in the nonadsorbed phase  was 85/15, which 
is the typical composition of the gases exhausted in the 
postcombustion process for a binary composition.73,74 The 
selectivity can be calculated by solving equations 9 and 10 
for the variable .82 The calculation was conducted using the 
functions integrate and solved in the free software Scilab.50 
The results are usually represented in the literature with 
equation 11.

	 (9)

	 (10)

	 (11)

where P is the pressure,  and  are the partial pressures 
of CO2 and N2,  and  are the molar fractions of CO2 
and N2 in the adsorbed phase,  and  are the molar 
fractions of CO2 and N2 in the nonadsorbed phase, and 

 and  can be represented by adsorption equilibrium 
models; for the reasons already presented, we decided to 
use the Toth model. Figure 9b shows the IAST selectivities.

The N-doped biochars studied in this work exhibited 
 > 1, considering  = 85/15. Therefore, all the 

N-doped biochars were more selective for CO2 than for N2, 
and N-Bio-600 was the most selective. Although N-Bio-700 
adsorbs more CO2 than does N-Bio-600, the selectivity of 
the former was 2.8 times lower than that of the latter.

Table 3 shows a comparison of the CO2 selectivities, 
nitrogen percentages, BET surface areas and CO2 adsorption 
capacities at 1 bar for the N-doped biochars prepared in 
this work with those of N-doped biochars obtained from 
different biomasses and described in the literature.

Table 3 shows that N-Bio-600 was the most selective 
toward CO2, but N-Bio-700 adsorbed more CO2. As 
previously discussed, increasing the activation temperature 
of the biochar resulted in increases in the specific surface 
area and total pore volume, which were beneficial for 
N2 adsorption. However, a high activation temperature 
enlarged the pore sizes (Table 3) and reduced the nitrogen 
percentage on the surfaces of the biochars. Consequently, 
the selectivity toward CO2 decreased because the larger 
pores also adsorbed N2, which presented a larger kinetic 
diameter. Additionally, the smaller the nitrogen percentage 
in the sample was, the weaker the interaction with CO2 was, 
which decreased the selectivity.

Kinetic studies

Figure 10a shows the results of the CO2 adsorption 
kinetic studies. The kinetic behaviors of the N-Bio-X 
(X = 600, 700 and 800 °C) samples were similar to 
those of Bio-500. High adsorption rates were observed 
in the first 45 s. After one minute of the experiment, the 
adsorption rate decreased until kinetic equilibrium was 
reached. After three minutes, no significant changes in 
CO2 adsorption were observed. There are reports of much 

Figure 9. (a) CO2 and N2 adsorption isotherms measured at 25 °C (the 
open symbols refer to N2, and the closed symbols refer to CO2) and (b) the 
IAST CO2 selectivities of N-Bio-600, N-Bio-700 and N-Bio-800.
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longer times (ca. 60 min) required to reach CO2 adsorption 
kinetic equilibrium for N-carbon-based materials.75,88 
All the materials prepared in this work exhibited similar 
adsorption rates, i.e., 0.45, 0.38 and 0.46 mmol g-1 min-1 
for N-Bio-600, N-Bio-700 and N-Bio-800, respectively, 
demonstrating fast adsorption and diffusion of CO2 in the 
pores. This result agrees with the low isosteric heat values 
(Figure 8) typical of physical adsorption driven by van der 
Waals forces, which does not involve activation energy, 
resulting in a fast adsorption process.89 Adsorbents with 
a combination of micro- and mesopores show good mass 
transfer.90 The N-doped biochars prepared in this work 
presented comparable mesopore volume percentages: 
9.42% (N-Bio-600), 8.42% (N-Bio-700) and 10.0% 
(N-Bio-800). Because the interactions between CO2 and 
mesopores are energetically less favorable than those 
between CO2 and micropores, the presence of mesopores 
will facilitate gas access to micropores. Therefore, a higher 
mesopore volume is expected to result in faster adsorption. 
As the N-doped biochars prepared in this work exhibited 
similar mesopore volume percentages, the adsorption rates 
were also similar. Adsorbents with fast adsorption rates are 
interesting for practical carbon capture applications due to 
the high exhaust gas flow rates observed in industry.

Considering that more CO2 was adsorbed by 
N-Bio-700 than by the other synthesized biochars, 

we investigated cyclic CO2 adsorption to evaluate 
its reusability (Figure  10b). The results revealed 
that N-Bio-700 remained stable for up to seven CO2 
adsorption/desorption cycles. Desorption was induced 
by flowing nitrogen at room temperature, possibly due to 
the low isosteric heat of N-Bio-700. This characteristic 
is important since, in chemical absorption technologies, 
the heat required for the regeneration of amine aqueous 
solutions makes the process very costly.91

Conclusions

In conclusion, microporous N-doped activated biochars 
derived from corn husks, K2CO3 as the activating agent 
and urea as the doping compound showed promise for 
CO2 capture in postcombustion processes. At 25 °C and 
1 bar, CO2 adsorption studies showed that the adsorption 
capacities increased in the order Bio-500 (1.66 mmol g-1) <  
N-Bio-600 (3.38 mmol g-1) < N-Bio-800 (3.70 mmol g-1) <  
N-Bio-700 (4.23 mmol g-1). N-Bio-700 exhibited the highest 
performance due to the synergistic combination of the volume 
derived from micropores smaller than 1 nm (0.51 cm3 g-1) 
and the percentage of nitrogen atoms (2.60%) on the surface. 
The Toth model describes the CO2 and N2 isotherms for all 
the N-doped biochars, and from the fitting parameters, the 
isosteric adsorption heat and the selectivity were calculated 
for a binary mixture of N2/CO2 (85/15). The isosteric 
heats ranged from -25 to -34 kJ mol‑1, confirming that 
physisorption was the predominant adsorption mode for CO2 
capture. Moreover, N-Bio-600 was the most energetic and 
heterogeneous surface because it had the highest percentage 
of nitrogen (5.02%). This material also demonstrated the 
highest selectivity toward CO2 under the studied conditions. 
Kinetic studies revealed that adsorption equilibrium was 
reached in less than 3 min with the biochars. Regeneration 
studies demonstrated that N-Bio-700 maintained stability 
over multiple adsorption and desorption cycles. Therefore, 
both N-Bio-600 and N-Bio-700 are very promising biochars 
for CO2 capture at low pressures.

Supplementary Information

Supplementary information (Raman wavenumber and 
ID/IG ratio for Bio-500 and N-Bio-X; fitted parameters of 
the experimental CO2 isotherms of N-Bio-X; experimental 
and curve fittings of N2 isotherms; fitted parameters of the 
experimental N2 isotherms of N-Bio-X; CO2 adsorption 
isotherms of N-Bio-X; and ln (P) versus 1/T (K-1) 
plots used to calculate the isosteric heat of adsorption 
(Qst) for N-Bio-X) is available free of charge at  
http://jbcs.sbq.org.br as PDF file.

Figure 10. (a) CO2 adsorption kinetic curves for Bio-500, N-Bio-600, 
N-Bio-700 and N-Bio-800 and (b) CO2 adsorption and desorption cycles 
for N-Bio-700 measured at 30 °C (the desorption time was the same for 
each cycle).
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