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A B S T R A C T

The advancement of low-cost biochar derived from organic solid wastes is highly desirable, as it serves as an 
efficient and environmentally friendly absorbent for CO2 abatement. Textile dyeing sludge (TDS) and corncob are 
two common types of carbonaceous solid wastes that are abundant and easily accessible. In this study, TDS and 
corncob were co-pyrolyzed to produce a series of CO2 adsorption biochars (SCs). Results show that the synergetic 
and self-catalytic effects of the reaction between alkali/alkaline earth metals and the organic matters in TDS and 
corncob can increase biochar yield and enhance the ultra-micropore structure accounting for effective CO2 
adsorption. Moreover, the specific surface area of SC activated at 700 ◦C (SC700) was higher than corncob-based 
biochar. SC700 exhibited the highest CO2 adsorption capacity (128.1 mg/g) among the SCs, which was more 
than double that of TDS biochar. This is primarily because SC700 had the highest specific surface area of ultra- 
micropores (544.38 m2/g) and ultra-micropore volume (0.16 cm3/g) among the SCs. After ten cycles tests, SC700 
still showed good CO2 adsorption-desorption performance, with a decrease of less than 1.5 %. The analysis of in 
situ DFIRT spectroscopy revealed that the CO2 adsorption of SC700 involved both physical and chemical 
adsorption processes, with physical adsorption being dominant. This study provides an environmentally friendly 
and cost-effective method for the utilization of TDS and corncob to produce valuable biochar for CO2 adsorption.

1. Introduction

The rapid development of global economy and population growth 
have led to significant energy consumption and carbon emissions, 
creating serious challenges for the global environment[1]. To address 
these issues, it is extremely urgent to promote green development 
through energy conservation and carbon emission reduction[2,3]. 
Adsorption is a promising strategy for CO2 capture. Various CO2 ad
sorbents have been developed, including zeolites, silicas, porous organic 
polymers, covalent organic frameworks, and metal-organic structures
[4]. However, their application still faces limitations such as high costs, 
difficulties in regeneration and competition during adsorption[5]. In 
contrast, biochar is recognized as a negative carbon material and has 
gained significant attention due to its advantages[6]. These advantages 
include a large specific surface area, high CO2 adsorption capacity, low 
energy consumption for regeneration, and relatively low cost[5]. As a 
result, biochar is considered a promising CO2 adsorbent material[7].

Organic solid wastes generated from daily human activities and in
dustrial manufacturing processes such as sludge, coal slime, waste tires, 
waste plastics, and biomass, are abundant, cost-effective, and possess a 
relatively high carbon content[8]. These characteristics make them 
valuable resources for biochar production. On one hand, these solid 
wastes can be converted into biochar through pyrolysis, rather than 
being incinerated or mineralized, which can significantly reduce CO2 
emissions[9]. On the other hand, biochar can be utilized to capture CO2, 
further contributing to the reduction of carbon emissions. Additionally, 
biochar can serve as soil amendment or fertilizer, helping to enhance 
carbon sequestration in the soil[10].

Textile dyeing sludge (TDS) is a typical kind of industrial sludge that 
generates approximately 21 million tons annually in China[11]. It is 
cost-effective and contains a higher concentration of toxic organic 
matter and active components compared to municipal sludge[12], 
making it a promising raw material for producing biochar[13]. Liu et al.
[14] found the TDS biochar produced at 450 ℃ exhibited more 
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developed pore structures than municipal sludge biochar. Additionally, 
the rich mineral composition of TDS biochar, including K, Fe and Ca
[15], enhances its ability to chemisorb CO2[16]. However, raw TDS has 
a high ash content, which reduces the micropore volume and results in 
an inadequately developed, clogged pore structure in the produced 
biochar, thus limiting its application[17].

Researchers have developed the co-pyrolysis method of sludge and 
biomass to improve the quality of biochar[18]. For instance, blending 
coffee grounds with sludge can significantly enhance the porosity and 
microporous volume of biochar[19]. Incorporating bamboo shoot shells 
helps maintain a relatively ordered carbon structure, achieving a CO2 
adsorption capacity of 3.53 mmol/g in the hybrid biochar[20]. More
over, the alkali metals present in sludge promote lignin charring and 
pore development through a catalytic effect[21]. It has also been re
ported that the activation energy required during the co-pyrolysis of 
sludge and lignin is reduced, leading to lower energy requirements for 
the process[22]. Corncob is a significant agricultural biomass waste 
globally and is characterized by a higher carbon content and lower ash 
content compared to sludge[23]. Although corncob-based biochar 
mainly features a microporous structure, its relatively low density and 
limited diversity in pore structure restrict its broader applications[24]. 
Co-pyrolysis of TDS and corncob may integrate the distinct pore struc
tures of TDS biochar and corncob biochar, offering a promising method 
to enhance the quality and stability of biochars for CO2 capture. The 
alkali and alkaline earth metals in TDS function as catalyst, which can 
accelerate the thermal decomposition of organics and enhance the pore 
structure of the resulting biochar[25]. Zhu et al.[26] investigated the 
interaction mechanisms between TDS and the components of bio
mass—cellulose, hemicellulose, and lignin—and evaluated their influ
ence on the three-phase products of co-pyrolysis. Huang et al.[27]
observed that the inorganic compounds in TDS interacted with biomass 
volatiles, enhancing the intensity of pyrolysis. However, research on 
CO2 adsorption performance of the hybrid biochar derived from TDS 
and corncob is still relatively limited.

In this study, the pore structures and CO2 adsorption performances of 
biochars derived from TDS and corncob at various activation tempera
tures were analyzed. The objectives of this study are to: (i) investigate 
how the texture of biochar changes due to the synergistic effects of co- 
pyrolysis of TDS and corncob; (ii) determine the static and dynamic 
CO2 adsorption capacities of different biochar samples; and (iii) evaluate 
the adsorption selectivity of CO2/N2 as well as the regeneration stability 
of the biochars. The findings will provide theoretical insights and 
practical guidance for the preparation of biochars from sludge and 
biomass, contributing methods for developing functional materials in 
the fields of adsorption and separation.

2. Material, methods and experimental section

2.1. Materials

The TDS was collected from a sludge incineration plant located in 
Zhejiang Province, China. Corncobs was obtained from a manufacturer 
in Jiangsu Province, China. K2CO3 was utilized as an activator and 
purchased from Beijing Standard Spectrum Testing Technology Co., ltd. 
The TDS was vacuum-dried at 105 ◦C for 24 h and then pulverized to a 
particle size fraction of less than 0.15 mm. A solvent-free, one-step 
method was applied to prepare biochar samples. 5 g of TDS powder, 5 g 
of corncob, and 10 g of K2CO3 were combined in a mortar, followed by 
thorough grinding and mixing. The mixture was then placed in a 
ceramic boat and heated in a N2-purged tube furnace at temperatures of 
600, 700, and 800 ◦C for 2 h, with at a flow rate of 100 mL/min and a 
heating rate of 10 ◦C/min. After the tube furnace cooled to room tem
perature, the biochar was removed and washed with 10 % HCl and then 
with deionized water until the pH was neutral. Finally, the samples were 
dried in an oven at 105 ◦C for 24 h. The hybrid biochar derived from TDS 
and corncob were designated as SCs. Specifically, the biochar prepared 

at different activation temperatures was labeled as SCT, where T rep
resents the activation temperature. For comparison, TDS biochar and 
corncob-based biochar were also prepared and designated as ST and CT, 
respectively, while maintaining consistent preparation conditions with 
those used for SCs.

2.2. Characterization

Scanning electron microscopy (SEM, ZEISS Sigma 360) was 
employed to examine the surface morphology of biochar samples. The 
textural properties of biochar samples were determined by analyzing N2 
adsorption/desorption isotherms at 77 K. The specific surface area 
(SBET) was calculated using the Brunauer-Emmett-Teller (BET) method, 
while the micropore volume (VM) and specific surface area (SM) were 
assessed using the t-Plot method. The total pore volume (VT) was 
determined at a P/P0 value of 0.99 from the adsorption isotherms. The 
pore size distribution (PSD) was obtained using the non-local density 
functional theory (NLDFT) method. Additionally, the ultra-micropore 
(<0.7 nm) specific surface area (SUM) and ultra-micropore volume 
(VUM) were analyzed using the cumulative pore volume method via the 
NLDFT method[28]. The particle size of biochar was measured using a 
particle size analyzer (Malvern Mastersizer 2000). Fourier transform 
infrared spectroscopy (FTIR, Scientific Nicolet iS20, Thermo Fisher, 
USA) was used to analyze functional groups. The X-ray diffraction (XRD) 
patterns of biochar were recorded with an X-ray diffractometer (Xpert 
3). A Raman spectroscopy (LabRAM HR Evolution, HORIBA, JPN) was 
employed to investigate the chemical structure of biochar, using a light 
source with a wavelength of 532 nm. X-ray photoelectron spectroscopy 
(XPS, Thermo Scientific K-Alpha) was utilized to analyze the different 
types and distribution of surface functional groups. The ultimate anal
ysis of raw materials and biochar was conducted using a Thermo Fisher 
Scientific Flash 2000 CHNS-O analyzer.

A thermogravimetric analyzer (TG209F3, NETZSCH) was employed 
to investigate the characteristics of mono-pyrolysis and co-pyrolysis of 
TDS and corncob. The thermal decomposition processes of corncob and 
TDS were anlyzed at a heating rate of 10 K⋅min− 1 in N2 using ther
mogravimetry (TG) and differential thermogravimetry (DTG) curves.

The thermal stabilities in N2 and thermal oxidation resistance of the 
biochar samples were evaluated with the TG209F3. Graphite, which is 
known as the most stable carbonaceous material, served as a reference 
for assessing thermal oxidation resistance[29]. As shown in Eq. (1), the 
indicator R50 was utilized to evaluate the oxidation resistance of the 
biochar samples[30]. 

R50 =
T50,biochar

T50,graphite
(1) 

where T50, biochar refers to the temperature at which 50 % of the mass of 
biochar samples is oxidized, ℃; T50, graphite denotes the temperature at 
which 50 % of the mass of graphite is oxidized, ℃.

2.3. CO2 adsorption experiment

The static CO2 adsorption tests were conducted using the IGA-100C 
instrument. Before the tests, approximately 30 mg of the biochar sample 
was heated to 200 ◦C under high vacuum to remove contaminants and 
moisture. After cooling the sample to the experimental temperatures of 
25, 50, and 60 ◦C, CO2 was introduced into the chamber. The corre
sponding adsorption isotherms were generated by recording the mass 
change during the adsorption period at 2-second intervals.

The CO2 dynamic adsorption experiments were carried out at 35 ◦C 
and 60 ◦C using a thermogravimetric analyzer (TGA55, TA). The ex
periments conducted at 35 ◦C were designated as SCT-35, while those at 
60 ◦C were labeled SCT-60. Prior to testing, the biochar samples were 
dried at 105 ◦C for 3 h and then transferred to the TGA55. In a repre
sentative experiment, approximately 8 mg of biochar was placed in an 
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alumina crucible purged with 100 mL/min N2 for 1 h. Then the N2 flow 
was replaced with an equivalent flow of CO2. The adsorption process 
was maintained at 35 ◦C and 60 ◦C for 40 mins, respectively.

The cyclic adsorption-desorption performance of biochar was eval
uated by conducting ten static adsorption experiments using the IGA- 
100C, with a regeneration temperature set at 100 ◦C. The SC700 after 
10 adsorption-desorption cycles was designated as SC700–10 used.

The in situ diffuse reflectance infrared Fourier transform (DRIFT) 
spectroscopy (Nicolet iS50) was employed to assess the changes in 
functional groups on SC700 surface during CO2 adsorption. The 
adsorption experiment lasted for 40 mins at 35 ◦C, and the spectra were 
collected over the range of 4000–600 cm− 1.

3. Results and discussion

3.1. Experimental phenomena

The ultimate and proximate analyses, along with the higher heating 
values (HHVs) of TDS and corncob, are presented in Table 1. The 
elemental composition of TDS ash was analyzed and converted into 
oxide forms, as presented in Table 2. TDS contained a significantly 
higher amount of ash and a lower carbon content compared to corncob. 
As shown in Fig. 1 (a), S700 displayed a grey-green coloration, which 
can be primarily attributed to the substantial presence of inorganic salts 
in TDS. In Fig. 1 (c), the corncob and K2CO3 reacted vigorously during 
the chemical activation process, leading to coking, blistering, and a 
significant amount of biochar adhering to the walls of the quartz tube. In 
contrast, the co-pyrolysis activation reaction was relatively mild, 
resulting in a uniform hybrid biochar that is suitable for market 
applications.

3.2. Pyrolysis characterization

As shown in Fig. 2 (a), the mono-pyrolysis of TDS generated fewer 
volatiles than corncob, and could be dived into four distinct stages: (i) 
the removal of free water at temperatures ranging from 35 to 121 ◦C; (ii) 
the cracking reactions of cellulose, hemicellulose, and unstable proteins 
occurring in the 121–380 ◦C range; (iii) the pyrolysis of heavy molecular 
substances such as fats, macromolecular proteins, and lignin at tem
peratures between 380 and 635 ◦C; and (iv) the decomposition of 
inorganic salts in the 635–900 ◦C range, during which porous biochar 
was gradually formed[31]. The TG/DTG curves of the co-pyrolysis of 
TDS and corncob were situated between those of the mono-pyrolysis of 
TDS and corncob. SC-exp represented the experimental TG/DTG curves 
of the co-pyrolysis for TDS and corncob, while SC-cal represented the 

Table 1 
Basic physiochemical properties of TDS and corncob.

Sample Proximate analysis (wt%) Ultimate analysis (wt%) HHVd (kJ/kg)

Mar Ad Vd FCd Cd Hd Nd Sd Oa

TDS 75.0 44.26 42.52 7.58 20.31 3.66 1.01 3.50 21.63 9642
Corncob 1.79 1.06 18.82 18.33 45.58 5.41 0.39 1.22 44.55 18021

ar, as received; d, dry basis; a, calculated by the difference.

Table 2 
Ash composition of TDS.

Sample SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Others

TDS 20.96 40.59 29.4 2.58 1.76 0.31 3.68 0.72

Fig. 1. Actual pictures of (a) S700, (b) SC700, (c) C700.

Fig. 2. (a) TG and (b) DTG curves of TDS and corncob pyrolysis.
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calculated TG/DTG curves. In Fig. 2 (a), the SC-exp curve closely aligned 
with SC-cal curve at the beginning. However, once the temperature 
exceeded 250 ◦C, the SC-exp curve lagged behind the SC-cal curve, 
resulting in a final residue rate for the SC-exp curve that was higher than 
that of the SC-cal curve, with a deviation of 3.44 %. This indicates that 
synergistic effects occurred during co-pyrolysis, leading to an increased 
biochar yield. This enhancement is attributed to the interaction between 
organic matter in corncob and alkali and alkaline earth metals in TDS, 
such as magnesium (Mg), which can improve the dehydration reaction 
during pyrolysis and increase biochar yield[32,33]. Furthermore, the 
presence of alkali and alkaline earth metals in TDS contribute to the 
development of pores[21]. As illustrated in Fig. 2 (b), SC-exp curve 
lagged behind the SC-cal curve within the temperature range of 172–297 
◦C. As the reaction proceeded, the corncob released more heat and 
volatiles between 297 and 576 ◦C, which intensified the pyrolysis in
tensity of TDS[34]. This process led to an almost complete overlap of the 
DTG curves for SC-exp and SC-cal. These observations are consistent 
with the findings reported by Deng et al.[35].

3.3. Characteristics of biochar

3.3.1. SEM and particle size analysis
Fig. 3 illustrates the SEM images of all biochar samples. The surface 

morphology of S700 was complex, featuring loose and irregularly 
distributed pores. In contrast, the surface morphologies of SCs were 
relatively simple. Among the SCs, SC600 exhibited a layered structure 
with a sparse distribution of pores, while SC800 displayed a micro
crystalline graphite structure with a negligible pore system. This dif
ference is attributed to the ideal formation of biochar structures, where 
the skeletal carbon transitions from amorphous aromatic carbon to 
conjugated aromatic carbon, and ultimately to graphitic carbon as py
rolysis temperatures increase[36]. During thermal decomposition, the 
growth of turbostratic crystallites randomly creates ’gaps’ that serve as 
pores of various sizes. Micropores can form from the voids between 
hexagonal planes[37]. That is why SC800 exhibited a higher SM value 
compared to SC700. SC700 featured a microscopic honeycomb structure 
similar to that of C700. Among the SCs, SC700 had the most highly 
developed porous structure, indicating that 700 ◦C is the best temper
ature for K2CO3 activation to create the optimal pore structure. During 
the K2CO3 activation process, K2CO3 reacts with carbon to produce CO2, 
CO, and metallic potassium (Eqs. (2–6))[38]. These substances help 
form a porous structure. The potassium ions (K+) then penetrate the 
carbonized surface, causing the lattice to expand and promoting the 
growth of micropores (as shown in Eqs. (5–6))[39]. 

K2CO3→K2O + CO2 (2) 

K2CO3 + C→K2O + 2CO (3) 

2K + CO2→K2O + CO (4) 

K2CO3 + 2C→2K + 3CO (5) 

C + K2O→2K + CO (6) 

The particle size distributions of the biochars are illustrated in Fig. 4. 
The particle size distributions of SCs and S700 showed similar charac
teristics, with the majority of particles concentrated in the ranges of 

Fig. 3. SEM images of (a-b) SC600, (c-d) SC700, (f-g) SC800, (h-i) S700 and (j) C700.

Fig. 4. Particle size distribution of the biochars.
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0–25 μm and 50–100 μm. In contrast, the particle size of C700 was 
primarily concentrated within the range of 0–25 μm.

3.3.2. Specific surface area and pore size distribution
As illustrated in Fig. 5 (a), C700 exhibited a typical type I N2 

adsorption isotherm, reaching saturation rapidly when the relative 
pressure (P/P₀) exceeded 0.01. In contrast, the N2 adsorption isotherms 
of S700 and SCs displayed a combination of type I and type IV isotherms. 
At low relative pressures (P/P₀ < 0.01), there was a sharp increase in N2 
uptake, indicating the filling of micropores. The gradual rise between P/ 
P₀ = 0.45 and 0.99, accompanied by a hysteresis loop, indicated capil
lary condensation in mesopores. The H4-type hysteresis loop shows that 
the adsorption of the desorbed branch is greater than that of the 
adsorbed branch at the same relative pressure. This phenomenon is 
typically observed in adsorbents with both micro- and mesopores, as 
well as in materials that contain narrow slit pores, such as biochars and 
molecular sieves[40]. Fig. 5 (b) presents the PSD characteristic curves of 
all biochar samples. Evidently, C700 possessed a purely microporous 
structure, whereas the SCs and S700 exhibited a hierarchical porous 
structure consisting of both micropores and mesopores. The presence of 
mesopores facilitates sufficient mass transfer channels during the 

dynamic adsorption process, enhancing CO2 capture[41]. Additionally, 
as the pyrolysis temperature increased from 600 to 800 ◦C, the pore 
diameter corresponding to the largest fraction of the pore volume in SCs, 
decreased from 0.679 to 0.500 nm. Given that the kinetic diameter of 
CO2 is 0.33 nm, ultra-micropores represent the optimal pore size for CO2 
adsorption[42]. This indicates that SCs possess the necessary pore 
structure for significant CO2 adsorption. In contrast, S700 showed a 
limited amount of micropores and a significant microporous distribution 
at 1.179 nm, lacking ultra-micropores.

The pore structure parameters of SCs, S700 and C700, including SBET, 
VT, SM, VM, SUM, VUM, and average pore diameter (DA), are all summa
rized in Table 3. Among these samples, S700 exhibited the lowest values 
for SBET and SM, with its SUM value reaching zero. This suggests that the 
co-pyrolysis of TDS and corncob promotes the development of micro
pores and ultra-micropores. Among the SCs, SC800 exhibited the highest 
values for SBET and SM, followed by SC700 and SC600. This trend in
dicates the SBET and SM values of SCs increase as the activation tem
perature rises. However, it is noteworthy that the SUM and VUM values 
for SC700 were higher than those for SC600 and SC800, indicating that 
700 ◦C is optimal for generating ultra-micropores through K2CO3 
activation.

Fig. 5. (a) N2 adsorption-desorption isotherms and (b) NLDFT pore size distributions of all biochar samples.

Table 3 
Pore structure characteristics of different biochar samples.

Biochar SBET（m2/g） SM（m2/g） SUM（m2/g） VT（cm3/g） VM（cm3/g） VUM（cm3/g） DA（nm）

SC600 957.05 600.09 458.98 0.93 0.24 0.14 3.87
SC700 1442.42 928.22 544.38 1.22 0.39 0.16 3.37
SC800 1700.26 938.08 404.23 1.77 0.39 0.11 4.16
S700 603.98 112.13 0 0.68 0.05 0.02 4.48
C700 1239.42 1017.72 886.05 0.52 0.39 0.26 1.67

Fig. 6. (a) XRD patterns and (b) Raman spectra of carbons from biochars.
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3.3.3. XRD and Raman analysis
Fig. 6 (a) shows characteristic features of amorphous carbon, indi

cated by broad (002) and (100) diffraction peaks at 2θ = 23◦ and 43◦, 
respectively[43]. The (002) crystalline reflection corresponds to gra
phene sheets arranged in a turbostratic manner, stacked along the z-axis. 
The (100) crystalline plane is associated with the lateral expansion of 
graphene sheets[37]. The SCs and C700 exhibited enhanced low-angle 
scattering intensity compared to S700, which aligns with the greater 
porosity observed in Fig. 3[44]. This change suggests a higher presence 
of defects and structural disorder, likely caused by the degradation of 

graphitic domains and alterations in the turbostratic arrangements of 
the carbon layers[37].

The Raman spectra presented in Fig. 6 (b) showed distinct D and G 
bands, corresponding to disordered carbon structures/graphite phase 
defects and ordered graphitic domains, respectively[45]. The relative 

Fig. 7. FTIR spectra for the biochars.

Fig. 8. XPS spectra, C1s and N1s XPS spectra of the biochar samples.

Table 4 
Summary of C/N/O elemental contents and semi-quantitative results of different 
nitrogen functional groups of the biochar samples.

Biochar Atomic % N %

C N O N-6 N-5 N-Q

SC600 83.46 1.59 14.95 23.22 28.19 48.59
SC700 87.13 1.03 11.84 40.58 36.05 23.37
SC800 90.04 0.81 9.15 19.96 14.47 65.57
S700 72.8 3.09 24.11 44.18 24.42 31.4
C700 90.67 0.78 8.54 38.14 28.63 33.23

Table 5 
Ultimate analysis results of SCs, S700, and C700 (Mass, %).

Biochar N C H S O O/C H/C

SC600 0.527 63.395 0.972 3.913 11.42 0.180 0.015
SC700 0.381 75.316 0.650 3.981 8.105 0.108 0.009
SC800 0.350 73.855 0.594 3.293 6.12 0.083 0.008
S700 0.801 28.232 1.252 17.369 16.38 0.580 0.044
C700 0.044 73.727 0.495 0 5.63 0.076 0.007
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intensity ratio of D to G bands (ID/IG) serves as a quantitative measure of 
graphitic ordering where lower values indicating higher crystallinity. 
The ID/IG values for S700 and C700 (1.24 and 1.35, respectively) were 
higher than those of SCs, suggesting a greater presence of defects in the 
carbon structure. Consequently, the co-pyrolysis method can enhance 

the degree of carbon graphitization to some extent. Notably, the ID/IG 
ratio of SCs decreased from 600 to 700 ◦C, followed by an increase be
tween 700 and 800 ◦C. These findings are consistent with the results 
obtained from XRD analysis. While the microcrystalline graphite struc
ture was observed in SC800 in Fig. 3 (f), the non-uniform growth of 

Fig. 9. Thermal stability (a), thermal oxidation resistance (b), water and ash content-corrected TG curves (c) and correlation analysis between R50 and the fraction of 
refractory organic-C (d) of biochar samples.

Fig. 10. CO2 adsorption capacities of (a) SC600, (b) SC700, (c) SC800, and (d) S700 at different adsorption temperatures.
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graphene sheets[45], changes in the turbostratic arrangements of the 
carbon layers and an increase in micropore generation contributed to a 
greater presence of defects and disorder. Shafawi et al.[46] reported that 
as the pyrolysis temperature increases, the symmetry of carbon atoms is 
disrupted, leading to the formation of defects in biochar. Similar ob
servations were reported in the studies conducted by Jia et al.[47] and 
Liu et al.[48]. Although SC800 exhibited more defects than SC700 with 
an ID/IG ratio of 1.07, the analysis of pore structures revealed that SC700 
possessed greater SUM and VUM than SC800, which is a more critical 
property for CO2 capture.

3.3.4. FTIR analysis
The FTIR spectra reveals various functional groups present on the 

surfaces of the biochars, which evolve with increasing activation tem
peratures (as shown in Fig. 7). It can be observed that SCs, S700 and 
C700 showed similar peaks, with the exception that S700 had an addi
tional C––O peak at 2080 cm− 1[49]. All the biochars exhibited some 
similar peaks at 3725, 3437, 2929 and 2852 cm− 1. These peaks could be 
ascribed to free–OH[50], phenol O–H, asymmetric and symmetric C–H 
stretching vibrations in aliphatic CH, CH2, and CH3, respectively[51]. 
The intensity of phenol O–H peak tended to decrease with increasing 
activation temperature, indicating a reduction in hydroxyl groups or 
absorbed water[52]. In the range of 1745–1586 cm− 1, there was a 
strong band attributed to oxime C––N–OH, pyridine C––N, and C––O 
stretching vibrations. The bands around 1564 cm− 1 could be assigned to 
C––C[53], indicating that aromatic structures were a significant 
component of the activated carbons’ chemical makeup[52]. Notably, 
the exact position of this peak shifted slightly to higher wavenumbers, 
moving from 1594 cm− 1 in SC600 to 1604 cm− 1 in SC800. The peak at 
1070 cm− 1 was associated with the C–N stretching vibrations of amide 
groups[53], while the region between 1100 and 1000 cm− 1 likely cor
responded to C–O stretching[51]. The intensity of main 
oxygen-containing functional groups such as phenol O–H (3437 cm− 1), 
C––O (1745–1586 cm− 1) and C–O (1100–1000 cm− 1) decreased as the 
pyrolysis temperature increased. In contrast, the intensity of aromatic 
C–H (750 cm− 1) increased with rising pyrolysis temperatures[54]. This 
trend indicated a greater presence of condensed polyaromatic sheets, 
which are more resistant to biological and thermochemical degradation, 
thereby demonstrating high stability[55].

3.3.5. XPS analysis
The porous structure and surface functional groups are two crucial 

factors that influence the CO2 adsorption performance of biochar. Fig. 8
presents the XPS spectra of all biochar samples. Table 4 provides the 
semi-quantitative results of the fitted C/N/O elemental content and 
various nitrogen functional groups. Since TDS and corncob were 
nitrogenous raw materials, all the biochar samples contained nitrogen. 
Among these samples, S700 exhibited the highest N content (3.09 %), 

while C700 had the lowest at 0.78 %. The N content in SCs ranged from 
0.81 % to 1.59 %. Moreover, the N content in SCs decreased gradually as 
the activation temperature increased, aligning with the research find
ings of Lu et al.[56]. The nitrogen functional groups are classified into 
three types: pyridine nitrogen (N-6), pyrrolic nitrogen (N-5), and qua
ternary nitrogen (N-Q)[57]. S700 had the highest content of N-6 
(44.18 %), followed by SC700 (40.58 %), C700 (38.14 %), SC600 
(23.22 %), and SC800 (19.96 %). N-6 acts as Lewis bases, which in
teracts with the electron-deficient carbon in CO2 during the adsorption 
process[58]. In contrast, N-5 and N-Q function as N-type dopants rather 
than Lewis bases. These groups can enhance the surface electrical cur
rent density, indirectly improve the adhesion of CO2[59].

3.3.6. Ultimate analyses of biochars
The ultimate analysis results of SCs, along with S700, and C700, are 

presented in Table 5. As the pyrolysis temperature increased, the H/C 
and O/C ratios of the SCs decreased, which was consistent with FTIR 
analysis. This change is attributed to the breakdown of weaker bonds (e. 
g., alky-aryl ether bonds) and an increase in the condensation of aro
matic hydrocarbons in the biochar structure[55]. The H/C ratios of SCs 
ranged from 0.007 to 0.044, while the O/C ratios varied from 0.076 to 
0.580. According to EBC guidelines, biochar is considered stable if its 
H/C ratio is below 0.7 and its O/C ratio is under 0.4[60]. Therefore, SCs 
and C700 can be utilized for carbon sequestration in soil, serving as 
materials for long-term CO2 storage.

3.3.7. Thermal stability and thermal oxidation resistance
The thermal stability of biochar is essential for its application in 

high-temperature environments and regeneration processes. Previous 
studies have shown that the highest temperature required for pre- 
combustion, oxy-combustion, and post-combustion CO2 capture tech
niques is 450 ◦C[42]. Therefore, the thermal stability of biochar at this 
temperature was evaluated. As illustrated in Fig. 9 (a), the biochar 
released free water at temperatures below 100 ◦C, and its carbon skel
etons decomposed between 100 and 450 ◦C. SC700 exhibited the highest 
thermal stability, with a carbon skeleton loss of 6.71 %. In comparison, 
SC800 showed a maximum loss of only 8.10 %. Conversely, the carbon 
skeleton mass loss for S700 and C700 were significantly higher, at 
33.75 % and 5.59 %, respectively. This indicates that the addition of 
corncob enhances the thermal stability of the SCs. Overall, all biochar 
samples exhibited a carbon skeleton loss of less than 8.10 %, demon
strating good thermal stabilities. This performance is superior to that of 
alkali metal-doped carbon materials, which typically exhibited a weight 
loss of approximately 10 %[61].

The thermal oxidation resistance of biochar significantly influences 
its sustainable application potential and carbon sequestration capacity 
in soil. The original thermogram (Fig. 9 (b)) was corrected for water and 
ash content[30], resulting in Fig. 9 (c). Fig. 9 (d) illustrates the 

Table 6 
Values of the χ2 error of CO2 adsorption isotherms for each analyzed model.

Biochar Langmuir Freundlich Redlich-Peterson Radke-Prausnitz Toth Langmuir-Freundlich

Temperature 25 ◦C
SC600 1.113917 0.411517 0.002912 0.002936 0.003834 0.012286
SC700 0.686018 0.295330 0.000495 0.000494 0.000123 0.004392
SC800 0.531727 0.173809 0.000379 0.000381 0.000626 0.005014
S700 0.251838 0.136506 0.000423 0.000441 0.000979 0.005032
Temperature 50 ◦C
SC600 0.461271 0.253858 0.001767 0.001768 0.000810 0.002570
SC700 0.250988 0.131033 0.001813 0.001814 0.001094 0.000827
SC800 0.197612 0.071192 0.001396 0.001396 0.000960 0.000578
S700 0.161389 0.043284 0.001240 0.001240 0.000972 0.001009
Temperature 60 ◦C
SC600 0.336915 0.166568 0.001935 0.001934 0.001653 0.003735
SC700 0.196320 0.072781 0.001790 0.001791 0.001455 0.001598
SC800 0.203522 0.028455 0.003057 0.003057 0.002931 0.001773
S700 0.079742 0.033048 0.002430 0.002436 0.002585 0.003950
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correlation analysis between R50 and the fraction of refractory organic 
carbon, which includes poly-condensed forms of lipids and aromatic 
carbon with a degradation range of 475–600 ◦C[60]. Notably, as the 
activation temperature increased, both the R50 values and the content of 
refractory organic carbon also rose. This is consistent with the conclu
sion in Fig. 7 that the intensity of Ar. C–H increases as the pyrolysis 
temperature rises. Additionally, the thermal oxidation resistance of the 
biochar showed a strong positive correlation with the refractory organic 
carbon content (R2 = 0.969), aligning with the research findings of Xu 
et al.[29].

3.4. CO2 adsorption behavior and mechanism

3.4.1. CO2 adsorption isotherms
Fig. 10 presents the static CO2 adsorption capabilities of SCs and 

S700. At 25 ◦C and 1 bar, SC700 exhibited the highest CO2 adsorption 
capacity, reaching 128.1 mg/g, followed by SC800 (119.7 mg/g), 
SC600 (116.5 mg/g), and S700 (61.61 mg/g). The superior performance 
of SC700 can be attributed to its well-developed ultra-micropores 
structure and nitrogen functional groups, which provide abundant CO2 
adsorption sites. Interestingly, although SC700 contained a lower N-6 
content compared to S700, its CO2 adsorption capacity was more than 
double that of S700. This difference highlights the fact that at low 
temperatures, the CO2 adsorption capacity is primarily influenced by the 
presence of ultra-micropores, as noted in the research by Li et al.[42]. At 
higher temperatures, chemisorption tends to dominate the adsorption
[60]. However, it was observed that the CO2 adsorption performance of 
the SCs decreased with rising temperatures. This decline is likely due to 
higher temperatures accelerating the Brownian motion of CO2 mole
cules, which promotes their desorption[62]. These findings suggest that 
the adsorption mechanisms for the SCs and S700 are predominantly 
governed by physical adsorption.

To fit the CO2 adsorption data, the two-parameters isotherm models 
(Langmuir and Freundlich) and three-parameters isotherm models 
(Redlich-Peterson, Radke-Prausnitz, Toth, and Langmuir-Freundlich) 
were employed. Detailed computational methods can be found in the 
research conducted by Serafin et al.[63]. Additionally, the analysis 
utilized 7 types of error functions: the coefficient of determination (R2), 
the sum of the squares error (SSE), the sum of absolute errors (SAE), the 
gybrid fractional error function (HYBRID), the Marquardt’s percent 
standard deviation (MPSD), the average relative error (ARE), and the 
chi-square test (χ2). We also calculated the sum of normalized errors 
(SNE). The different parameters of all the analyzed models examined for 
SC600, SC700, SC800, and S700 were included in the adsorption iso
therms section of the Supplementary Material. As shown in the Sup
plementary Material, the χ2 error provided the lowest SNE values for 
most systems. Consequently, we selected it as the error function to 
evaluate the fit of the isothermal models to the experimental data.

Table 6 presents the χ2 error values for the CO2 adsorption isotherms 
analyzed using different models, while the corresponding isotherm 
constants are provided in Table 7. It is clear that the three-parameter 
models better fit the experimental data compared to the two- 
parameter models. Most of the Redlich-Peterson and Toth models dis
played extremely low χ2 errors, highlighted in bold, indicating that the 
CO2 adsorption across the entire temperature and pressure range occurs 
via multilayer adsorption. Furthermore, as both the pyrolysis tempera
ture and the adsorption temperature increased, the value of βRT shifted 
from approaching 1 to approaching 0. This suggests that the Redlich- 
Peterson model tends to simplify to the Freundlich model when 
adsorbing high concentrations of CO2. In the Toth models for all bio
chars, the values of nT were not equal to 0 (0.335024–0.376986 for 
SC600, 0.327283–0.367510 for SC700, 0.245760–0.324047 for SC800, 
and 0.293374–0.373882 for S700), indicating that the biochar samples 
possess heterogeneous pore structures[64]. This finding aligns with the 
results obtained from Fig. 3 and Fig. 5. Additionally, it was observed that 
KL and KF decreased with increasing adsorption temperature, which Ta
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suggests a physisorption behavior[65]. Furthermore, the values of nF in 
the Freundlich model were all greater than 1, indicating that the primary 
CO2 adsorption mechanism is physical adsorption[66].

As shown in Fig. 11, the correlation analysis was conducted to 
further investigate the impact of SM, VM, SUM, VUM, N content, and O/C 
ratio on the static adsorption performance of SCs and S700. At the same 
adsorption temperatures, the R2 values of SUM (0.943–0.966), VUM 
(0.894–0.926), N content (0.770–0.903) and O/C ratio (0.910–0.972) 
were higher compared to SM (0.625–0.847) and VM (0.579–0.818). This 
indicates that the pore volume and pore area of ultra-micropores are 
more influential for the static adsorption of CO2 than those of micro
pores. Additionally, the oxygen-containing and nitrogen-containing 
functional contribute to the chemical adsorption of CO2.

The in situ DRIFT spectra ranging from 4000 to 550 cm− 1 is presented 

in Fig. 12. The asymmetric stretching vibrations of CO2 at 2343 and 
2364 cm⁻¹ remained stable throughout the adsorption process, con
firming the dominance of physisorption via van der Waals interactions
[23]. At the same time, a weak carbonates peak appeared at 1750 cm− 1, 
suggesting some degree of CO2 chemisorption[67]. The presence of C-N 
bonds near 1520 cm− 1 confirmed the formation of bonds between ni
trogen atoms in the nitrogen-containing functional groups and carbon 
atoms derived from CO2, providing direct evidence of the involvement 
of these groups in CO2 chemisorption[68]. Additionally, two distinct 
bending vibrations at 669 and 721 cm− 1 corresponded to the bending 
vibration of CO2[69]. Four sharp and well-distinguished bands at 3599, 
3627, 3705, and 3730 cm− 1 were attributed to the combination bands of 
CO2[68]. Altogether, these spectral characteristics illustrate the 
multi-modal adsorption behavior of CO2 of biochars.

Fig. 11. Correlation analysis between CO2 adsorption capacities and (a) SUM, (b)VM, (c) SUM, (d) VUM, (e) N content, and (f) O/C ratio at different temperatures.
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Fig. 13 (a-b) displays the SEM images of SC700 and SC700–10 used, 
respectively. After 10 cycles tests, it was obviously seen that the original 
pore structure partially collapsed and broke down, while the biochar 
structure remained relatively complete. The similar pore changes phe
nomenon was also observed by Gong et al.[70]. As depicted in Fig. 13
(c), the ID/IG value of SC700–10 used was higher than that of SC700. 
This can be attributed to the increased defects and disorder resulting 
from the changes in pore structure. The FTIR spectra of SC700 and 
SC700–10 used are presented in Fig. 13 (d). Compared to the FTIR 
spectra of SC700, SC700–10 used exhibited a stronger C–N stretching 
mode and weaker N–H, C–O, C––O stretching modes. The C–N bonds 
were formed by the combination of nitrogen atoms from the 
nitrogen-containing functional groups with carbon atoms from CO2[68]. 
The N–H and oxygen functional groups were consumed during the CO2 
adsorption process[71].

3.4.2. CO2 adsorption kinetics
Fig. 14 shows the dynamic CO2 adsorption results of biochar sam

ples. It is noteworthy that the dynamic adsorption capacities of SCs and 
S700 were lower than their static adsorption capacities. This difference 
is due to the relatively short residence time of CO2 during dynamic 
adsorption. The dynamic adsorption capacities of S700 at 35 and 60 ◦C 
were nearly negligible. The observed weight loss was attributed to its 
limited ability to store CO2. This occurs because the mobile phase of CO2 
carried away the CO2 that was previously adsorbed before. In contrast, 
the adsorption capacities of SCs ranged from 37.18 to 43.19 mg/g at 35 
◦C, while SC700 exhibited the highest adsorption capacity. All the SCs 
reached adsorption equilibrium in approximately 6 mins. To further 
quantify the adsorption kinetic process, the Pseudo-first-order model, 
Pseudo-second-order model, and Avrami model were employed to fit the 
kinetic curves. Detailed mathematical descriptions can be found in the 
adsorption kinetics models section of the Supplementary Material. As 
shown in Table 8, the R² values for the curves generated by the Avrami 
model ranged from 0.990 to 0.994, which were higher than those of 
Pseudo-first-order model (0.948–0.963) and Pseudo-second-order 
model (0.839–0.864). This indicates that the Avrami model is the 
most suitable model for fitting the CO2 adsorption kinetics in this study.

To identify the factors influencing the CO2 dynamic adsorption Fig. 12. In situ DRIFT spectra of adsorbed CO2 by SC700 at 35 ◦C.

Fig. 13. SEM images of (a) SC700 and (b) SC700–10 used, (c) Raman spectra and (d) FTIR spectra for SC700 and SC700–10 used.
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performance of SCs and S700, a linear analysis was performed between 
SM, VM, SUM, VUM, N content, O/C ratio and CO2 adsorption capacity, as 
illustrated in Fig. 15. Regardless of the adsorption temperatures, the R2 

values for SUM (0.550–0.821) and VUM (0.775–0.962) were considerably 
higher than those for SM (0.109–0.352), VM (0.094–0.328), N content 
(0.205–0.483) and O/C ratio (0.284–0.575). This indicates that CO2 
adsorption onto biochar primarily occurs through physical adsorption, 
with the pore volume and pore area of ultra-micropores playing a more 
significant role than other factors.

3.4.3. IAST Selectivity analysis
In the context of post-combustion carbon capture technology, the 

CO2/N2 selectivity of the adsorbent is extremely important. This study 
utilized the Ideal Adsorbed Solution Theory (IAST) to determine selec
tivity by analyzing the single-component adsorption isotherms of CO2 
and N2. The detailed calculation equation can be found in the selectivity 
section of the Supplementary Material. As shown in Fig. 16, the CO2/N2 
selectivity decreased with an increasing volume fraction of CO2 across 

all biochar samples. The order of CO2/N2 selectivity was as follows: 
SC600 > SC700 > SC800 > S700. Notably, the selectivity of SC600 and 
SC700 at a composition of 10 % CO2 and 90 % N2 remained relatively 
high of greater than 60. Additionally, the selectivity of SCs was signifi
cantly higher than that of S700, particularly under conditions of low CO2 
partial pressure. This implies that the co-pyrolysis of TDS and corncob 
can enhance the CO2/N2 selectivity of biochar.

3.4.4. Isosteric adsorption heat and adsorption-desorption cycles
The isosteric adsorption heat (Qst) is a crucial parameter for char

acterizing the surface energy heterogeneity of an adsorbent. A lower Qst 
value indicates that the adsorbate can be more easily desorbed. As 
illustrated in Fig. 17 (a), Qst was calculated using the Clausius-Clapeyron 
equation based on the CO2 adsorption isotherms of the SCs at 25 and 50 
◦C. The detailed calculation equation can be found in the isosteric 
adsorption heat section of the Supplementary Material. The Qst values 
for the SCs ranged from 20 to 24 kJ/mol, suggesting that the energy 
required for the regeneration was relatively low. Additionally, Qst 

Fig. 14. Kinetics of CO2 adsorption on (a) SC600, (b)SC700, (c) SC800 and (d) S700 at 35 and 60 ◦C.

Table 8 
Adsorption kinetics parameters of CO2 adsorption at 35 and 60 ◦C for biochars.

Model Pseudo-first-order model Pseudo-second-order model Avrami model

Equations qt = qe(1 − e− k1 t) qt =
t⋅k2⋅q2

e
1 + qe⋅t⋅k2

qt = qe(1 − e− (k3 t)n
)

Parameters qe,cal 

mg/g
k1 

min− 1
R2 qe,cal 

mg/g
k2 

g/(mg⋅min)− 1
R2 qe,cal 

mg/g
k3 

min− 1
n R2

SC600–35 41.34 0.83 0.963 42.96 0.04 0.864 41.19 0.80 1.59 0.990
SC600–60 23.29 0.74 0.958 23.29 0.06 0.856 23.18 0.72 1.71 0.993
SC700–35 42.50 0.78 0.962 44.23 0.03 0.858 42.33 0.75 1.63 0.992
SC700–60 22.76 0.66 0.950 23.86 0.05 0.848 22.64 0.64 1.86 0.994
SC800–35 37.35 0.74 0.956 38.95 0.04 0.850 37.19 0.72 1.74 0.994
SC800–60 17.56 0.69 0.948 18.36 0.07 0.839 17.48 0.67 1.85 0.994
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decreased as the amount of adsorbed CO2 increased. This trend occurred 
because the CO2 adsorption sites became progressively occupied, lead
ing to an increase in the repulsive interaction energy among CO2 mol
ecules and a decrease in the attractive interaction energy between CO2 
and biochar. Notably, SC700 exhibited the highest Qst, indicating a 
stronger interaction between SC700 and CO2. Fig. 17 (b) presents the 
ten-cycle adsorption capacities of SC700 at a regeneration temperature 
of 100 ◦C. Initially, the CO2 adsorption capacity was 114.2 mg/g. After 
ten cycles, it remained above 110 mg/g, with a relative change in CO2 
adsorption capacity between the first and tenth cycles of no more than 
1.5 %. This indicates that SC700 possessed a relatively high and stable 
cyclic adsorption capability.

3.5. Cost of producing SC700

The economic analysis of industrial-scale production was estimated 
using the method reported by Mukherjee et al.[72] and Serafin et al.
[73]. According to the results of co-pyrolysis experiments, the produc
tion yield of SC700 was 10 %. We assumed that 10 tons of dry TDS and 
10 tons of dry corncobs were co-pyrolyzed daily, resulting in a final 
output of 2 tons of SC700 each day. Detailed calculation information is 
provided in cost of producing SC700 section in the supplementary 
materials.

According to the Table 9 and Table 10, the estimated cost of pro
ducing SC700 from TDS and corncobs was 1.37 €/kg. This cost was 
lower than that of other biochars, further demonstrating that recycling 
TDS and corncob into valuable biochars is an environmentally friendly 
and cost-effective method for effectively capturing CO2.

Fig. 15. Relationships between basic physiochemical properties and CO2 dynamic adsorption capacity: (a) SUM, (b) SM, (c) VUM, (d) VM, (e) N content, and (f) O/ 
C ratio.
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3.6. The feasibility of application under real industrial conditions

The comparison of CO2 adsorption performance among various 
biochars section in the supplementary material offers a more compre
hensive and globally representative analysis. Among the biochars, 
SC700 exhibited a relatively high capacity for CO2 adsorption, along 
with notable CO2/N2 selectivity and cyclic stability compared to other 
biochars. Although the CO2 adsorption capacity we obtained was not the 

highest, SC700 still remained competitive. Furthermore, the 
manufacturing cost of SC700 was lower than that of the activated carbon 
reported in the literature[73,74]. These advantages indicate that SC700 
holds significant potential for practical industrial applications.

Fig. 16. IAST selectivity of (a) SC600, (b) SC700, (c) SC800 and (d) S700 under different ratios of CO2/N2 at 25 ◦C.

Fig. 17. (a) Qst of SCs and (b) cyclic adsorption capacity and relative change of SC700.

Table 9 
Summary of costs.

Total capital investment (CTCI) 16354578 €

Total operational costs (CTOC) 823181 €
Depreciation (CD) 51789 €
Estimated annual production of biochar 640 t
Estimated cost for biochar 1.37 €/kg

Table 10 
Production costs of SC700 and other biochars.

Raw material Cost Reference

Face mask waste 2.10 €/kg [73]
Tires 9.81 €/kg [74]
Wood 5.49 €/kg [74]
Lignite 4.62 €/kg [74]
TDS and corncob 1.37 €/kg This study
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4. Conclusion

In this study, the co-pyrolysis interaction between TDS and corncob 
was analyzed. The reaction between alkali and alkaline earth metals and 
the organic substances in corncob and TDS leads to synergistic and self- 
catalytic effects. These effects can enhance biochar yield and optimize 
the ultra-micropore structure that is crucial for CO2 adsorption. The 
obtained biochar was characterized in N2 sorption investigations, as well 
as SEM, XRD, Raman analysis and FTIR spectroscopy.

In terms of texture features, SC700 distinguished itself among the SCs 
due to its the highest specific surface area of ultra-micropores 
(544.38 m2/g) and ultra-micropore volume (0.16 cm3/g). Notably, 
SC700 achieved the most significant CO2 adsorption capacity at 25 ◦C 
(128.1 mg/g) among the SCs, which was more than double that of the 
TDS biochar. It was found that the adsorption mechanisms for the SCs 
and S700 were predominantly governed by physical adsorption. 
Furthermore, SC700 exhibited the best thermal stability among the SCs, 
with a remarkably low carbon skeleton mass loss of only 6.71 %. The 
thermal oxidation stability of the SCs also improved as the activation 
temperature increased. Additionally, SC700 exhibited excellent cyclic 
performance in ten cycles of CO2 adsorption and desorption experi
ments, showing a minimal decrease of no more than 1.5 %. Notably, 
SC700 had a high pyridine nitrogen content (40.58 %), which provided 
abundant sites for CO2 chemisorption. This finding is consistent with the 
results of the in situ DRIFT spectra and contributes to the highest Qst 
among the SCs. The comparisons between SC700 and various biochar 
worldwide, along with the economic analysis results, further suggest the 
potential of biochar produced from TDS and corncob as effective ad
sorbents for CO2 separation.

This study provides a theoretical foundation and practical insights 
for developing novel biochar for CO2 capture, contributing to the 
exploration of more effective CO2 absorbents to combat global warming.
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