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A B S T R A C T   

To realize the high-value utilization of biocoke derived from heavy bio-oil, N-doped porous biocarbon materials 
were prepared through co-pyrolysis of biocoke with urea and KOH activation, and their physiochemical struc
tures and CO2 adsorption capacity were analyzed. Compared with direct heat treatment of biocoke at 550 ◦C, N- 
doping at the same temperature would reduce the biocarbon yield and block its pores, but the pore structure 
could be recovered through further heating to 800 ◦C. KOH activation at 800 ◦C could produce highly porous 
biocarbon materials with BET surface areas of 1710.20–3361.45 m2/g in the expense of yield reduction. The 
mass ratio of KOH to biocarbon material significantly affect its pore formation and distribution. Moderate 
activation (ratio of 2, 550NBC-800-2) could generate more micropores, over activation (ratio of 3 and 4, 
550NBC-800-3/4) could further increased its total surface area, but resulted in the damage/merging of micro
pores to mesopores. KOH activation was found to increase the O-containing groups and decrease the large ring 
systems in the biocarbon as well, but the etching of KOH would lead to the releasing of N previously existed/ 
doped in the biocarbon. The CO2 adsorption performance of the biocarbon material was closely related to its pore 
structure and surface N-doping. At a high CO2 pressure (1 bar), the CO2 adsorption capacity of biocarbon ma
terials was more dependent on its micropore areas. But at a low CO2 pressure (0.15 bar), N-doping, especially to 
form more N-5 in biocarbon, was observed to be more important than its micropores.   

1. Introduction 

Bio-oil is an important liquid product from biomass pyrolysis. It is 
complex organic mixture, which contains a wide range of organic sub
stances, such as carboxylic acids, aldehydes, ketones, furans, phenolics 
and anhydrosugars, etc. [1–4]. Despite of its significantly higher volu
metric energy density compared with biomass, the raw bio-oil is a kind 
of acidic and highly oxygenated liquid with a heat value of around only 
15 MJ/kg, upgrading is thus required for its high-value utilization [5,6]. 
Distillation and hydrodeoxygenation are two common ways that people 
currently use for bio-oil upgrading [7–10]. Unfortunately, these pro
cesses always suffer from the severe coking problem due to the thermally 
unstable nature of the bio-oil [11–16]. The high content of 
oxygen-containing organic compounds would be easily polymerized 

once heating the bio-oil [17,18], while most of the upgrading processes 
require to be heated. 

The formation of coke during bio-oil upgrading would foul/block the 
pipeline and/or reactor, deactivate the catalyst, reduce the process ef
ficiency, and endanger the system operation. A lot of efforts have been 
made to alleviate the coke formation during bio-oil upgrading, including 
stabilization of bio-oil by adding alcohols during esterification [19], 
division of hydrodeoxygenation into multiple temperature stages [20, 
21], and modification of catalyst during cracking [22,23], etc. However, 
up to now, the coke formation still cannot be eliminated and is remained 
as a main challenge to hinder the development of bio-oil upgrading 
technologies [24]. In our recent study, we have proposed a new strategy 
for bio-oil utilization [25]. Instead of alleviating the coke formation, 
bio-oil will be firstly heat treated to coke the high coking tendency 
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compounds, while the low coking tendency compounds will be evapo
rated out for further upgrading without coking issue. The biocoke 
formed during the heat treatment with a yield of around 17 wt% at 
350 ◦C is an almost ash-free and highly carbonaceous material, how to 
realize its high-value utilization would significantly affect the efficiency 
and economy of the entire process. 

In recent years, carbon neutrality is a hot topic and has attracted 
increasing attentions globally. Direct capturing CO2 from large point 
sources is regarded as an effective way to mitigate the CO2 emission 
[26]. Porous carbon materials, with the advantages of high adsorption 
capacity, fast kinetics, high thermal/chemical stability, and easy 
regeneration, is one of the most promising materials for efficient CO2 
adsorption [25,27]. However, the original biocoke for heat treatment of 
bio-oil has rare pores [25], it must be activated before it can be used as a 
CO2 adsorbent. As a new source of carbon, the interactions between 
biocoke and activator and the resulted pore formation and distribution 
are still unclear, which would largely affect the CO2 adsorption perfor
mance. Meanwhile, it has been reported that N-doping can increase the 
surface basicity of the carbon materials, thus improve its surface infinity 
to CO2 molecules [28–30]. The pore structure and N-doping both play 
important roles for carbon materials during CO2 adsorption, but to 
which extent each of them plays remains unclear. 

Therefore, in this study, biocoke, as a new carbonaceous material 
derived from heat treatment of heavy bio-oil, was subjected to modifi
cation to seek for high-value utilization. KOH activation and N-doping 
were both applied to get a N-doped porous biocarbon material for CO2 
adsorption. Different biocarbon materials from direct heat treatment/N- 
doping, KOH activation and their combinations were prepared for 
comparison. The physical and chemical structures of the biocarbon 
materials as well as their CO2 adsorption capacities were analyzed in- 
depth. The results obtained from this study would gain a better under
standing on the effects of pore structure and N-doping on the CO2 
adsorption characteristics. It could not only provide a good way for the 
high-value utilization of this heavy oil derived biocoke, but also support 
the cascade utilization and upgrading of bio-oil. 

2. Experimental 

2.1. Heavy bio-oil 

The heavy bio-oil was obtained from Hubei Bluefire Ecological En
ergy Co., Ltd. It was produced by a 1 t/h moving-bed biomass pyrolysis 
plant with a peak temperature of around 600 ◦C and bamboo as feed
stock. The initial bio-oil includes both light phase and heavy phase, 
while only the heavy phase bio-oil was used in this study. It has a dark 
brown color with a big smell, it is a very viscous (heavy) liquid. 

2.2. Biocoke production from heat treatment of heavy bio-oil 

The biocoke is the precursor to produce N-doped porous biocarbon 
materials. It was prepared by the heat treatment of heavy bio-oil in a 
tube furnace under N2 atmosphere at 350 ◦C for 2 h, the detailed pro
cedure could be found elsewhere [25]. Briefly, around 4 g of heavy 
bio-oil loaded in a ceramic boat with a closed cap was positioned in a 
tube furnace, it was then heated from room temperature to 350 ◦C with 
10 

◦

C/min in a N2 flow of 100 mL/min, and kept isothermal for 120 min. 
The solid residue inside the boat after heat treatment is the so-called 
biocoke (denoted as “BC”). The yield of biocoke is 16.91 ± 0.57 wt%, 
with an elemental composition of 81.56 wt% of C, 4.89 wt% of H, 1.04 
wt% of N, 0.44 wt% of S and 12.09 wt% of O (by difference). 

2.3. N-doped porous biocarbon materials production 

The preparation of N-doped porous biocarbon materials mainly in
cludes two steps: N-doping and biocarbon activation. For N-doping 
process, analytical purity of urea purchased from Sinopharm Chemical 

Reagent Co., Ltd (Shanghai, China) was chosen as the N source. It was 
well mixed with biocoke using a ceramic mortar with a mass ratio of 1:1. 
The resulted mixture was then heat treated in a tube furnace at 550 ◦C 
with a heating rate of 5 

◦

C/min and kept isothermal for 180 min [31]. 
The solid residue left after this co-pyrolysis process was the expected 
N-doped biocarbon material. It was then cooled down and collected for 
further use. The obtained N-doped biocarbon material is denoted as 
“550NBC”, where, “550” represents the heat treatment temperature, and 
“N” represents the N-doping. A biocarbon sample prepared at the same 
condition but without urea addition was also made for comparison, 
which was denoted as “550BC”. 

For biocarbon activation process, analytical purity of KOH purchased 
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) as well 
was used for the chemical activation of the biocarbon material to pro
duce more porous structures. The detailed procedure was described as 
follows: Firstly, around 1.3 g of biocarbon was well mixed with KOH in a 
mortar according to the certain ratios (mass ratio of KOH/biocarbon of 
2, 3 and 4), then the resulted mixture was put inside a nickel boat and 
positioned in a horizontal tube furnace for activation. It was heated to 
800 ◦C at the rate of 5 

◦

C/min in a 100 mL/min N2 atmosphere, and 
maintained isothermal for 120 min. After activation, the sample was 
cooled down and then washed with 1 mol/L HCl solution to remove the 
K-containing species, it was then washed with deionized water until 
neutral and dried at 105 ◦C for 6 h to get the final porous biocarbon 
materials. They are denoted as “Biocarbon-800-X”, here, “800” repre
sents the activation temperature, and “X” represents the mass ratio of 
KOH to biocarbon. It should be noted that different biocarbon samples 
were activated in the study, including BC, 550BC and 550NBC. Hence, 
the “Biocarbon” in “Biocarbon-800-X” could be BC, 550BC and 550NBC 
as well. 

Generally, the biocarbon was firstly doped with N, and then it was 
activated with KOH. For comparison, some of the samples were only 
doped with N or just activated, such as 550NBC, BC-800-3 and 550BC- 
800-3. Some of the samples were only heat treated without activation, 
e.g., 550NBC-800-0. In addition, a sample (550BC) firstly activated with 
KOH and then doped with N was also made for comparison, it is denoted 
as “550BC-800-3-550 N”. 

2.4. Characterization of biocarbon materials 

The physical pore structure of the biocarbon materials was deter
mined with an Accelerated Surface Area and Porosity Tester (Micro
meritics, ASAP 2420) through N2 adsorption-desorption at 77K. All the 
samples were degassed at 250 ◦C for 6 h before the test. Electron scan
ning microscope (SEM, Zeiss Supra 55) was performed to observe the 
micromorphology of the biocarbon with the magnification of 5000 and 
20000 times. 

The elemental composition (CHNS) of the biocarbon materials were 
tested with an Elemental Analyzer (Vario EL III). The surface chemical 
structure of the biocarbon was characterized by X-ray photoelectron 
spectroscopy (XPS). A Thermo Fisher Scientific K-Alpha Spectrometer 
equipped with monochromatic Al Kα X-ray was used to record to the 
survey spectrum and the high-resolution spectra of C1s and N1s. The 
carbon skeleton of the biocarbon was analyzed with Renishaw InVia 
Raman spectrometer with an Ar + laser (532 nm) in the scanning 
spectrum range of 4000-400 cm− 1. 

The biocarbon materials obtained in the study were finally subjected 
to the CO2 adsorption test to evaluate the relationship between their 
structures and CO2 adsorption performance. It was carried out on an 
Automatic Specific Surface Porosity Analyzer (Micromeritics, 
ASAP2460). The CO2 isothermal adsorption curves of the biocarbon 
materials were measured at 25 ◦C each time. To improve the accuracies 
during the test, all the samples were degassed at 200 ◦C for 6 h in 
advance to remove impurities in the pores. 
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3. Results and discussion 

3.1. Yields of biocarbon materials 

Yield is an important consideration during the production of bio
carbon materials. It not only affects its mass production, but also is 
relevant to the formation mechanism. Fig. 1 shows the mass yields of 
biocarbon materials through different heat treatment methods including 
activation, N-doping and direct heat treatment. The yields of biocarbon 
materials are on a basis of biocoke (BC) obtained from heat treatment of 
heavy bio-oil at 350 ◦C for 120 min. 

From Fig. 1, it can be found that significant weight loss was observed 
for the biocarbon after heat treated at 550 ◦C (550BC) due to more 
volatiles being released, as the original biocoke was generated at 350 ◦C. 
When biocoke was co-pyrolyzed with urea (N-doping), the final yield of 
550NBC (68.70 wt%) was even lower than that of 550BC (73.90 wt%) 
despite of the additional N doping onto biocarbon, the addition of urea 
would promote the decomposition of biocoke resulting in a lower yield. 
Further heating 550NBC to 800 ◦C (550NBC-800-0) would cause more 
sufficient volatiles releasing, a lower yield of 60.46 wt% was obtained. 

KOH activation at 800 ◦C was also performed with different mass 
ratios of KOH to biocarbon as shown in Fig. 1. The etching of KOH to 
biocarbon resulted in an obvious reduced yield of activated biocarbon 
compared with that of purely thermal cracking (550NBC-800-0). With 
the mass ratio of KOH to biocarbon (550NBC) increasing from 2 to 4, the 
yield of activated biocarbon decreased from 50.99 to 43.30 wt%. Similar 
result was also found for 550BC-800-3, without N-doping, the yield of 
activated biocarbon (43.01 wt%) was just slightly lower. Further doping 
N on the activated biocarbon (550BC-800-3-550 N) would again 
decrease its yield, which is consistent with the previous result. In 
addition, it can be also found from Fig. 1 that, two-steps of heat 
treatment/N-doping and activation would yield more biocarbon mate
rials than one-step direct activation (BC-800-3, 36.93 wt%), it might be a 
good guidance for the mass production of biocarbon materials as well. 

3.2. Surface morphology and porous structure of biocarbon materials 

The surface micromorphology of biocarbon materials were analyzed 
with SEM. Three selected samples (BC, BC-800-3 and 550NBC-800-3) 
were tested and are shown in Fig. 2 with two magnification times of 
5000 and 20000. Significant differences could be found in the 

micromorphologies of the three samples. The original biocoke (BC) 
obtained from the heat treatment of heavy bio-oil showed a relative 
smooth surface with less porous structures, which might be due to the 
relatively lower heat treatment temperature of 350 ◦C. While after KOH 
activation at 800 ◦C, BC-800-3 exhibited large amount of porous struc
tures on its surface, which would be surely good for its adsorption 
performance. As stated before, such pores were mainly from the volatiles 
releasing at high temperature and the etching effect of KOH during the 
activation process. Comparatively, the 550NBC-800-3 showed very 
different pore structures although it also went through the same acti
vation process. The biocarbon precursor also significantly affected the 
pore formation of the biocarbon materials. 

Table 1 summarizes the detailed porous characteristics of the bio
carbon materials through the N2 adsorption-desorption method. From 
the table, it can be observed that the original BC had almost no pores, it 
might be not suitable for other uses except as a fuel. Further treatment is 
thus required to improve its property. Direct heat treatment at 550 ◦C 
(550BC) significantly increased the porosity of the biocarbon due to the 
volatiles releasing generating some micropores (t-plot micropore area of 
118.00 m2/g), while N-doping would block the pore structures or 
destroy the formation of pore structures of the biocarbon (550NBC of 
2.2 m2/g) during the co-pyrolysis of BC and urea. Further treating 
550NBC at 800 ◦C would generate more pores on the surface of 550NBC- 
800-0 (177.34 m2/g), although the proportion of micropore area 
(160.45 m2/g) was higher, its average pore size was still relatively 
bigger for CO2 adsorption (4.50 nm). Further reduction in the pore size 
and increase in the micropore surface area would be needed for purpose 
of CO2 adsorption. 

KOH activation was thus introduced to create pores on the surface of 
the biocarbon materials. Compared with only heat treatment at 800 ◦C 
(550NBC-800-0), KOH activation significantly increased the specific 
surface area of the biocarbon materials, BET surface areas of around 
1710.20–3361.45 m2/g were achieved with the mass ratios of KOH to 
biocarbon of 2–4, and the pore size decreased sharply to 2.22–2.30 nm. 
Also, it can be found that at a low mass ratio of KOH to biocarbon of 2, 
the moderate activation would generate more micropores, with a high t- 
plot micropore area of 1257.65 m2/g and a relatively lower t-plot 
external surface area of 452.55 m2/g obtained. Further increasing the 
mass ratio of KOH to biocarbon would cause more severe activation/ 
etching of the biocarbon structures, the micropores would be damaged 
or merged to form more mesopores, thus the micropore area decreased 
with the increase of external surface area (550NBC-800-3) [32–34]. 
When the mass ratio of KOH to biocarbon increased to 4, mainly external 
surface area was obtained for the biocarbon although the total BET 
surface area got a maximum value of 3361.45 m2/g. The micropore 
volume showed similar trend with that of micropore area. 

The porous structure of directly activated biocoke (BC-800-3) was 
also tested as shown in Table 1, it can be found that one step activation 
could achieve a high BET surface area as well although it was somehow 
lower than that of two-step biocarbon (550BC-800-3), but the micropore 
area and volume were significantly higher than those of two-step one. 
The pore structure of 550BC-800-3 was quite similar with that of 
550NBC-800-3, while the later one had more micropores relatively. 
Further doping N on the activated biocarbon at 550 ◦C did not reduce 
the BET surface area of the biocarbon, but increased the micropore area 
and volume and decreased the external surface area. 

The pore size distribution of biocarbon materials prepared under 
different conditions was also analyzed and is presented in Fig. 3. From 
the figure, it can be observed that KOH activation made the pore size 
distributions of different biocarbon materials were somehow similar, 
which was narrowed mainly within the range of 0.4–4 nm (micro- and 
meso-pores). For the N-doped activated biocarbon (Fig. 3a), as 
mentioned previously in Table 1, with lower mass ratio of KOH to bio
carbon, the activated biocarbon (550NBC-800-2) showed more micro
pores with less mesopores, the pore size distribution further proved this 
conclusion. The micropores of the activated biocarbon mainly ranged in 

Fig. 1. Yields of biocarbon materials originated from heavy bio-oil (on a basis 
of biocoke (BC) obtained from heat treatment of heavy bio-oil at 350 ◦C for 
120 min). 
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0.5–0.9 nm, 1.0–1.2 nm, and 1.5–2 nm, while the mesopores of the 
activated biocarbon were mainly ranged in 2–4 nm, the average pore 
size was around 2.22–2.30 nm (Table 1). With more KOH addition 

during the activation, the micropores reduced with more mesopores 
generated as shown in Fig. 3a. For the directly activated biocarbon 
(Fig. 3b), similar pore size distributions were observed with those of N- 

Fig. 2. SEM images of three biocarbon materials under different magnification times. a, b: BC, 5000-20000X; c, d: BC-800-3, 5000-20000X; e, f: 550NBC-800-3, 
5000-20000X. 

Table 1 
Pore characteristics of biocarbon materials originated from heavy bio-oil.  

Samples BET surface area t-plot Micropore area t-plot External surface area Pore volume t-plot Micropore volume Pore size 

(m2/g) (m2/g) (m2/g) ( × 10− 2 mL/g) ( × 10− 2 mL/g) (nm) 

BC 0.61 – 0.87 0.10 0.02 8.01 
550BC 143.69 118.00 25.69 7.84 5.80 4.67 
550NBC 2.20 0.55 1.65 1.01 0.03 33.15 
550NBC-800-0 177.34 160.45 16.89 9.08 7.85 4.50 
550NBC-800-2 1710.20 1257.65 452.55 89.83 66.81 2.24 
550NBC-800-3 2601.78 736.03 1865.74 138.11 42.36 2.22 
550NBC-800-4 3361.45 – 3539.91 179.79 14.73 2.30 
BC-800-3 2133.70 954.99 1178.71 115.59 52.51 2.31 
550BC-800-3 2575.01 622.21 1952.80 136.55 37.97 2.22 
550BC-800-3-550 N 2581.48 929.21 1652.27 135.47 52.97 2.17  
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doping activated biocarbon (Fig. 3a). Also, BC-800-3 showed relatively 
smaller pore sizes than the two-step activated biocarbon (550BC-800-3). 
In addition, N-doping after KOH activation (550BC-800-3-550 N) would 
not significantly change the pore size distribution of the biocarbon. 

3.3. Chemical composition and surface properties of biocarbon materials 

The chemical composition of the biocarbon materials was tested and 
is summarized in Table 2. From the table, it can be found that the 
original BC was already a highly carbonaceous material with a C of 
81.56 wt%, H of 4.89 wt%, and O of 12.09 wt%, the N content of BC was 
1.04 wt%. Further heat treatment, N-doping and KOH activation all 
increased its carbonization degree with the increase of C content and the 
decrease of H and O contents. For instance, after heat treated at 550 ◦C, 
the C content of 550BC increased to 88.94 wt%, the H and O contents 
decreased to 2.76 wt% and 7.39 wt%, respectively. The N content in 
550BC somehow concentrated due to the decreased mass yield. N- 
doping further increased the N content in the biocarbon from 1.37 wt% 
to 2.05 wt%, the H content increased slightly with O content decreasing. 
Further heating 550NBC to 800 ◦C, the carbonization degree of 550NBC- 
800-0 increased further as illustrated in the table, but the N content 
decreased slightly to 1.86 wt% due to the possible cracking/decompo
sition of thermally unstable N-containing species at high temperature. 

From Table 1, it can be also observed that the N doped in biocarbon 
(550NBC) was subsequently released during the KOH activation process, 
the N contents of 550NBC-800-2, 3 and 4 were only of 0.07–0.28 wt%, 
which were largely lower than that of 550NBC. N seemed to be failed to 
dope in the activated biocarbon materials. The etching/activation of 

KOH to carbon structure would easily decompose/destroy the N species 
bonded in the biocarbon structure [5]. Similar results were also obtained 
for the one-step and two-step activation biocarbon materials (BC-800-3 
and 550BC-800-3). To successfully dope the N on the biocarbon surface, 
the biocarbon was firstly activated and then doped with N, a N content 
of 1.2 wt% was finally obtained for 550BC-800-3-550 N. 

The carbon structure and surface functionalities of biocarbon mate
rials originated from heavy bio-oil were analyzed with XPS spectrom
etry. All the spectra were corrected by positioning the primary peak of 
C1s to 284.4 eV to exclude the charging effects on binding energies 
during the test. The high resolution C1s and N1s spectra of the biocarbon 
materials were then deconvoluted by Avantage software to get the C-/ 
O-/N-containing groups. For C1s spectra, 7 Gauss and Lorenz peaks 
assigned to C-Clow (283.44 ± 0.11 eV), C-Cprimary (284.27 ± 0.05 eV), C- 
Chigh (284.93 ± 0.09 eV), C–O (286.03 ± 0.12 eV), C––O (286.85 ±
0.23 eV), COO (288.62 ± 0.17 eV) and pi-pi* (291.00 ± 0.00 eV) were 
applied to fit the curves [35,36]. Where, C-Cprimary represents the aro
matic C–C/C–H bonds, C-Clow and C-Chigh represent the disordered 
and/or defective carbon structures. C–O, C––O and COO represent the 
alcohol and ether C–O groups, the carbonyl groups, and the carboxyl, 
lactone and/or ester groups, respectively. While pi-pi* is the transition 
peak for primary C–C peak. For N1s spectra, 4 Gauss and Lorenz peaks 
assigned to N-6 (398.68 ± 0.18 eV), N-5 (399.97 ± 0.22 eV), N-Q 
(401.67 ± 0.18 eV), and N–O (403.34 ± 0.49 eV) were used to fit the 
curves [37]. Where, N-6, N-5, N-Q, and N–O represent the pyridinic N, 
pyrrolic N, graphitic N and N oxides, respectively. The representative 
deconvoluted C1s and N1s spectra of 550NBC are shown in Fig. 4. 

To semi-quantitatively analyze the differences of varied biocarbon 
materials in the surface chemical structures, the deconvolution results of 
C1s and N1s were summarized and are presented in Table 3. From the 
table, it can be observed that all the biocarbon materials showed very 
similar aromatic C-Cprimary structure, further heat treating, N-doping 
and KOH activation would be more to affect their carbon defects (C-Clow 
and C-Chigh) and surface O-/N-containing groups. It might be because of 
that biocarbon materials were all derived from heat treatment of heavy 
bio-oil rich in aromatic compounds, further treatments would not 
significantly increase their aromatic C–C/C–H structures. When heat 
treating at 550 ◦C, the defects (summary of C-Clow and C-Chigh) in carbon 
structure decreased, more O-containing groups (C–O, C––O and COO) 
were observed on the biocarbon surface (550BC) despite of the fact of 
decreasing O content. Heat treatment might somehow concentrate the 
O-containing groups on the biocarbon surface. N-doping (550NBC) 
slightly increased the defects in carbon structure but decreased the O- 
containing groups. Further heating to 800 ◦C (550NBC-800-0), the O- 

Fig. 3. DFT pore size distributions of heavy bio-oil derived biocarbon materials prepared under different conditions.  

Table 2 
Elemental composition of biocarbon materials originated from heavy bio-oil.  

Samples Elemental composition (wt.%) 

C H N S Oa 

BC 81.56 4.89 1.04 0.44 12.09 
550BC 88.94 2.76 1.37 0 7.39 
550NBC 88.22 3.13 2.05 0.09 6.53 
550NBC-800-0 91.19 2.03 1.86 0.02 4.91 
550NBC-800-2 92.66 1.42 0.07 0 5.86 
550NBC-800-3 93.81 1.28 0.14 0 4.77 
550NBC-800-4 93.88 1.01 0.28 0 4.85 
BC-800-3 91.36 1.56 0.53 0 6.56 
550BC-800-3 90.89 1.32 0.07 0.53 7.20 
550BC-800-3-550 N 92.91 0.97 1.20 0.21 4.72  

a Calculated by difference. 
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containing groups decreased as its O content largely reduced. KOH 
activation also largely changed the chemical structure of biocarbon 
materials, generally resulted in decrease in carbon defects and increase 
in O-containing groups. For instance, compared BC with BC-800-3, the 
carbon defects decreased from 36.54% to 31.93%, while the O-con
taining groups increased from 14.24% to 24.48%. Similar trends could 
be also found for 550BC and 550BC-800-3, as well as 550NBC and 
550NBC-800-3/4. While for the N1s deconvolution results, the original 
N in BC more existed as pyrrole nitrogen (N-5) of 64.91%, followed by 
pyridine nitrogen (N-6), quaternary nitrogen (N-Q) and nitrogen oxides 
(N–O). Upon heating (550BC), N-5 partially transformed to N-6, and the 
contents of N-Q and N–O decreased as well. While for N-doping by co- 
heating of biocarbon with urea, more N-6 was introduced into the 
resulted biocarbon materials (550NBC and 550BC-800-3-550 N). 
Further heating 550NBC to 800 ◦C (550NBC-800-0), part of the N-6 
transformed to N-5 and N-Q. While for KOH activation, as shown in 
Table 2, most of the N was released during the process, the N-containing 
species shown here might be not that representative considering its low 
content. In general, the differences in carbon defects and O-/N-con
taining groups for varied biocarbon materials might result in a distinct 
performance in CO2 adsorption, as the surface chemical structures could 
affect its affinity with target molecules. 

The changes in carbon skeleton of the biocarbon materials after 
different treatments were determined by Raman spectrometry, the 
spectra between 1800 and 800 cm− 1 were deconvoluted into 10 
Gaussian bands using PeakFit v4.12 software with the band assignments 
shown elsewhere [38]. The resulted ratios of Raman band areas ID/IG 

and ID/I(GR + VL + VR) of different biocarbon materials are thus shown in 
Fig. 5. Here, the band ratios of ID/IG and ID/I(GR + VL + VR) represent the 
ratio of large aromatic ring systems (≥6 fused rings) in the whole aro
matic ring systems and the relative ratio of large (≥6 fused rings) and 
small (3–5 fused rings) aromatic ring systems in the biocarbon materials, 
respectively. 

From Fig. 5, it can be observed that the ratio of ID/IG was largely 

Fig. 4. Deconvolution of typical XPS spectra of biocarbon materials: (a) 550NBC C1s and (b) 550NBC N1s.  

Table 3 
XPS C1s and N1s deconvolution results of biocarbon materials obtained under different conditions.  

Samples C1s Spectra N1s spectra 

C-Clow C-Cprimary C-Chigh C–O C––O COO pi-pi* N-6 N-5 N-Q N–O 

BC 6.15 49.02 30.39 9.51 1.97 2.76 0.21 20.53 64.91 9.25 5.31 
550BC 6.18 49.74 23.52 13.99 0.82 5.69 0.06 35.19 54.28 7.49 3.04 
550NBC 6.19 49.47 25.46 12.13 1.43 5.21 0.11 45.01 47.59 3.42 3.98 
550NBC-800-0 5.72 49.49 26.68 8.78 4.56 4.59 0.16 23.01 60.29 14.47 2.23 
550NBC-800-2 13.97 48.46 19.38 9.85 2.74 5.22 0.38 84.26 5.31 8.15 2.28 
550NBC-800-3 6.21 45.58 21.47 18.94 0 7.63 0.18 50.79 44.58 3.04 1.59 
550NBC-800-4 5.55 49.35 17.34 20.04 0 7.58 0.14 54.58 39.34 4.28 1.81 
BC-800-3 5.87 43.33 26.06 17.03 0 7.45 0.26 48.17 42.01 6.29 3.53 
550BC-800-3 5.12 49.82 19.08 14.45 5.36 6.08 0.07 15.35 74.32 4.8 5.53 
550BC-800-3-550 N 5.53 45.58 25.08 15.79 0.06 7.78 0.19 42.95 46.39 7.97 2.7  

Fig. 5. Ratios of Raman band areas ID/IG and ID/I(GR + VL + VR) of biocarbon 
materials obtained under different conditions. 
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dependent on the temperature that biocarbon materials experienced, 
higher temperature would generally correspond to a higher value of ID/ 
IG. For instance, 550BC and 550NBC showed almost the same ID/IG 
value, which was obviously higher that of BC. Similarly, the biocarbon 
materials experienced 800 ◦C no matter with/without activation and N- 
doping and one-/two-step process exhibited higher values of ID/IG than 
those of 550BC and 550NBC. Higher temperature would generate more 
large aromatic ring systems in biocarbon materials. While for ID/I(GR +

VL + VR), heat treating at 550 ◦C (550BC) could increase the ratio of large 
aromatic ring systems to small aromatic ring systems, indicating trans
formation of small rings to large rings with higher carbonization degree. 
N-doping (550NBC) would somehow reduce the condensation of small 
rings to large rings with the decreased ID/I(GR + VL + VR). Further heating 
to 800 ◦C (550NBC-800-0) again increased the ID/I(GR + VL + VR), while 
KOH activation at 800 ◦C comparatively reduced the ID/I(GR + VL + VR), 
but it was still higher than that of biocarbon obtained at 550 ◦C. 

3.4. CO2 adsorption performance of biocarbon materials 

The CO2 adsorption capacity of all the biocarbon materials was 
tested at 25 ◦C, and the results are shown in Table 4. Two adsorption 
results at 1 and 0.15 bars are given, representing the pure CO2 adsorp
tion and CO2 adsorption in flue gas, respectively. From the table, it can 
be clearly seen that before and after KOH activation, the biocarbon 
materials showed very different CO2 adsorption performance. Before 
activation, the CO2 adsorption capacity was relatively lower, ranging 
from 0.29 to 2.15 mmol/g at 1 bar and 0.06–0.86 mmol/g at 0.15 bar. 
The original BC was not a suitable CO2 adsorbent due to its rare pore 
structure, through heat treatment at 550 ◦C, 550BC showed an obvious 
improvement in the CO2 adsorption capacity as more pores generated 
(Table 1). But surprisingly, 550NBC displayed similar CO2 adsorption 
capacity with 550BC although it had a very low BET surface area (2.20 
m2/g), indicating N-doping indeed enhanced the CO2 adsorption on 
biocarbon materials. 

After KOH activation, the biocarbon materials showed significantly 
higher CO2 adsorption capacity, mainly ranging from 2.43 to 3.82 
mmol/g at 1 bar and 0.43–0.83 mmo1/g at 0.15 bar. Wherein, 550NBC- 
800-2 showed the highest CO2 capture capacity of 3.82 mmol/g at 1 bar 
and 25 ◦C, which was higher than the results of many N-doping porous 
carbons reported in literature at the same conditions. For instance, Xu 
et al. [39] prepared N-doped porous walnut shells carbons using KOH, 
K2CO3 and ZnCl2 and other different activators, a maximum CO2 
adsorption capacity of 3.08 mmol/g was obtained. Li et al. [40] reported 
that the CO2 absorption capacity of N-doped activated carbon made 
from water chestnut shell was 3.61 mmol/g. But it should be also noted 
that a higher BET surface area is not always corresponding to a higher 
CO2 adsorption capacity. The CO2 adsorption capacity of 
550NBC-800-3/-4 was found to be lower than that of 550NBC-800-2. 
Over-activation resulting in micropores damage and merging might be 
an important reason, as 550NBC-800-2 showed significantly more mi
cropores despite of its much lower total BET surface area. Similarly, 
BC-800-3 with more micropore area exhibited higher CO2 adsorption 
capacity than 550BC-800-3. Further N-doping (550BC-800-3-550 N) did 
not improve its CO2 adsorption capacity. The CO2 adsorption capacity of 
biocarbon materials at high CO2 pressure (1 bar) looks more dependent 
on its micropore areas, other than its mesopore area and N-doping. 

However, different trend was observed for CO2 adsorption of bio
carbon materials at low CO2 pressure of 0.15 bar. Micropores and N- 
doping both played important roles on its CO2 adsorption performance. 
For instance, 550BC showed identical CO2 adsorption capacity with 
550BC-800-3, and higher capacity than 550NBC-800-4, due to combi
nation of its micropores of 118.11 m2/g and relatively higher N content 
of 1.37 wt%. 550NBC with very low BET surface area still showed a CO2 
adsorption capacity of 0.55 mmol/g at 0.15 bar due to its high N con
tent, which was even higher or identical with the biocarbon materials 
with a high BET surface area. What is more, 550NBC-800-0 displayed 

the highest CO2 adsorption capacity of 0.86 mmol/g at 0.15 bar, 
although 550NBC-800-2 had the highest micropore area and 550BC- 
800-3-550 N had both high micropore area and enriched N content. A 
high content of N-5 of 60.29% observed for 550NBC-800-0 in Table 3 
might be an important reason, as reported by the literature that N-5 
showed a greater capture effect on CO2 than that of N-6 and N-Q due to 
the stronger interaction between N-5 and CO2 molecules [41]. These 
results indicated that at low CO2 pressure of 0.15 bar, N-doping, forming 
more N-5 in biocarbon in particular, might be more important than its 
micropores. 

4. Conclusion 

In this study, N-doped porous biocarbon materials were prepared 
through co-pyrolysis of biocoke with urea (N-doping) and KOH activa
tion, and their physiochemical structures and CO2 adsorption capacity 
were analyzed. The results showed that N-doping at 550 ◦C would 
decrease the yield of biocarbon and block its pores compared with direct 
heat treatment, through further heating to 800 ◦C, its pore structure 
could be recovered along with more weight loss. KOH activation could 
produce highly porous biocarbon materials in the expense of yield 
reduction. Moderate activation (550NBC-800-2) could generate more 
micropores, over activation (550NBC-800-3/4) could further increased 
its total surface area, but resulted in the damage/merging of micropores 
to mesopores. KOH activation was found to increase the O-containing 
groups and decrease the large ring systems in the biocarbon as well, but 
the etching of KOH would lead to the releasing of N previously existed/ 
doped in the biocarbon. The CO2 adsorption performance of the bio
carbon material was closely related to its pore structure and surface N- 
doping. At a high CO2 pressure (1 bar), the CO2 adsorption capacity of 
biocarbon materials was more dependent on its micropore areas. But at a 
low CO2 pressure (0.15 bar), N-doping, especially to form more N-5 in 
biocarbon, was observed to be more important than its micropores. 
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