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Abstract 

In order to treat dyes in the wastewater of the printing industry and to reutilize walnut shell (WS) waste gener-
ate economic benefits, supercritical carbon dioxide (SC-CO2) pretreatment technology was developed to prepare 
porous biochar as a precursor for adsorption material. Orthogonal experiments were conducted at the temperatures 
of 200, 300, and 400 ℃ with durations of 20, 40, and 60 min, and a control group was set up using  N2 pretreatment. 
Then, KOH activation was employed to prepare biochar adsorption material. The biochars were analyzed and char-
acterized using TGA, BET, SEM, FT-IR, and XRD, and the liquid and gas phase products of the pretreatment process 
were analyzed semi-quantitatively and quantitatively using GC–MS and gas chromatography. Methylene blue (MB) 
dye was selected as an indicator to measure the adsorption capacity of biochar, and adsorption kinetics were ana-
lyzed based on the data. The results indicate that pretreatment with SC-CO2 effectively enhanced the performance 
and yield of the activated carbon. The highest specific surface area increased by 18%, and the maximum adsorption 
of MB increased by 23% compared to the  N2 control group. The yield increased by 8–262% and the specific surface 
area increased by 50–192% compared to the direct activation of walnut shell (WS). During the pretreatment pro-
cesses for the preparation of biochar adsorption material with the best specific surface area, phenol-enriched bio-oil 
was produced as a by-product which has economic value.

Highlights 

1)  The poly-generation of biochar precursor and bio-oil could be realized by supercritical  CO2.
2)  Prepared activated carbon had great physical performance and excellent dye adsorption capacity.
3) The pretreatment process produced high-value organic liquid by-products.
4) Mild pretreatment conditions were more advantageous.
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Graphical Abstract

1 Introduction
In recent years, several industries have been discharg-
ing incompletely treated industrial wastewater directly 
into the ecosystem, causing serious environmental prob-
lems (Mashkoor and Nasar 2020). Methylene blue (MB) 
is widely used in dyestuffs, chemical indicators, and 
biopharmaceuticals. It is commonly found in industrial 
wastewater and can be used as a representative organic 
pollutant in wastewater (Santoso et  al. 2020). Activated 
carbon (AC) has become a popular choice as an adsor-
bent for MB removal from wastewater (Rafatullah et  al. 
2010). Commercial AC mainly uses precursors such as 
petroleum residues, coal, peat, and lignite, which are 
expensive and non-renewable feedstocks (Yahya et  al. 

2015). Therefore, in addition to substituting petro-
leum-derived products, a number of ways of converting 
and utilizing agricultural waste are being explored to 
achieve environmental protection and economic benefits 
(González-García 2018). Biomass feedstocks are diverse 
and renewable, and plant biomass is one of the world’s 
most abundant and underutilized biological resources 
(Naik et  al. 2010). In recent decades, scientists around 
the world have been researching and developing various 
biomasses for the preparation of ACs and testing their 
MB adsorption capacities. El-Bery et al. (2022) activated 
lignin waste to prepare AC with a specific surface area of 
1771  m2  g−1 and measured its capacity to absorb MB as 
148.8 mg   g−1. Egbosiuba et al. (2020) prepared AC with 
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a specific surface area of up to 2114  m2   g−1 using ultra-
sound-assisted activation of fruit wastes, and its MB 
adsorption capacity was measured to be 196  mg   g−1. It 
was reported that mixing fox nutshell with  ZnCl2 pre-
pared AC with an astonishing specific surface area of 
2869  m2  g−1 and an adsorption capacity of 249.88 mg  g−1 
for MB (Kumar and Jena 2016).

China’s walnut industry has experienced rapid devel-
opment. As of the end of 2020, China’s walnut produc-
tion reached 1.1 million tons, accounting for 33.1% of 
the world’s total walnut production (Yan et al. 2022), and 
substantial production of walnuts has led to a significant 
abundance of WSs as a by-product. However, the cur-
rent utilization of walnut shells remains relatively low, 
resulting in significant resource wastage. WSs  are char-
acterized by their high lignin content, hard and porous 
texture, large surface area, and low cost. Utilizing WSs 
as biomass feedstock for carbon production not only 
enables the resource utilization of waste WSs but also 
reduces the cost of preparing AC. As a result, the applica-
tion prospects for using WSs as a carbonaceous biomass 
material are very promising. Liu and Zhang (2023) used 
WS to prepare polyaminated walnut shells using  K2S2O8/
NaHSO3 as an inducer and ring-opening treatment. Shi 
et al. (2023) prepared AC with a specific surface area of 
1713.87  m2  g−1 using one-step activation of walnut shells 
and illustrated its strong adsorption capacity for tetracy-
cline. Yang et al. (2022) prepared AC by activating WSs 
modified with  ZnCl2 aided by light waves and micro-
waves and tested the adsorption properties with acidic 
magenta.

Supercritical carbon dioxide (SC-CO2) is an easily 
accessible, non-toxic, non-flammable, and cost-effective 
solvent that does not contaminate the products.  CO2 has 
a relatively low critical temperature (31.1℃) and pres-
sure (73.8 bar). Therefore, compared to other solvents, 
the energy requirement for achieving supercritical fluid 
conditions with  CO2 is relatively low (Wang et al. 2024). 
Under SC-CO2 pressure, the small pores in biomass 
expand due to the increased diffusion characteristics, 
enabling effective mass transfer, making it an excellent 
reaction medium for the preparation of porous biochar 
(Badgujar et al. 2021). Because of these excellent proper-
ties of SC-CO2, there have been numerous reports on the 
treatment of biomass under SC-CO2 atmosphere nowa-
days. For example, Albarelli et  al. (2011) used SC-CO2 
treatment on banana peel waste to produce biochar. 
They found that the biochar exhibited a rich micropo-
rous structure and studied its performance through Cu 
ion adsorption experiments. Jiang et  al. (2022a) utilized 
a high-pressure  CO2-hydrothermal method to extract 
water charcoal as a precursor for AC from banana pseu-
dostems. Gao et al. (2010) utilized SC-CO2 pretreatment 

to enhance the conversion of rice straw biomass. Zhang 
and Wu (2014) conducted a study where they used sub-
critical  CO2 to treat sugarcane bagasse. The research 
findings revealed that the use of subcritical  CO2 effec-
tively removed hemicellulose from the raw material, lead-
ing to improved digestibility of the sugarcane bagasse. 
Zhou et al. (2023) conducted a comparative study on the 
gasification yield of rice husk by SC-CO2, the gas yield 
and carbon gasification rate of rice husk gasification 
were found to be higher compared to an Ar atmosphere. 
While these studies all utilized only a single property of 
SC-CO2, such as using it for the extraction of organics, 
and employing SC-CO2 as a solvent or a reactant, with-
out considering the combined effect of these two prop-
erties. In this paper, the multiple properties of SC-CO2 
were used to treat biomass waste to achieve poly-gener-
ation, i.e., the production of porous char precursors for 
AC while simultaneously producing high-value organic 
by-products.

Although there have been many reports on the prepa-
ration of biomass-based AC as well as SC-CO2 treatment 
of biomass, there is a lack of poly-generation technology 
that can utilize  CO2 and biomass energy more rationally 
and efficiently. In this study, we utilized SC-CO2 pretreat-
ment of WSs as the core strategy for converting biomass 
into biochar precursors, which can be further processed 
into high-performance AC. Additionally, this method 
simultaneously produced a valuable phenol-rich bio-oil 
by-product. In order to judge the feasibility of this prepa-
ration route for large-scale application, the pretreatment 
yield and AC yield were calculated and the solid products 
were characterized using TGA, BET, SEM, XRD, FT-IR, 
and elemental analyses, as well as the types and contents 
of the products in the gas and liquid phases. Finally, the 
adsorption capacity of the prepared AC was also deter-
mined using MB dye, which is commonly found in the 
effluents of printing and dyeing industries. The findings 
of this study provide a promising and sustainable strategy 
for the large-scale reutilization of  CO2 and WSs waste 
and for the treatment of dyeing industrial wastewater.

2  Feedstock and methods
2.1  Feedstock
Walnut shells, purchased from Henan Province, were 
ground using a grinder after being dried for 48  h. They 
were then filtered through a 150-mesh sieve and dried 
in an oven at 105 ℃ until the quality no longer changed. 
The elemental analysis of the feedstock was carried out 
with the Vari Macro elemental analyzer manufactured by 
Elementar Corporation, and the proximate analysis of the 
sample was analyzed by SDTGA5000 produced by Sande 
Corporation. The results are shown in Table 1.
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2.2  Preparation of biomass char
All experiments were carried out in a batch reactor made 
of iron-nickel alloy, which was in the shape of tube closed 
at one end, and had a size of 1cm i.d. × 15 cm length. The 
pressure and temperature that the reactor can withstand 
are 30 MPa and 750 ℃, respectively. In each experiment, 
the heating furnace was heated to the predetermined 
temperature in advance, and then the reactor was put into 
the heating furnace to reach the predetermined tempera-
ture before timing. For each reaction, 2 g of dried WSs 
powder was introduced. Before the reaction, the reactor 
was purged with  CO2 to remove the air and placed in a 
thermostatic water tank. The initial reaction temperature 
and pressure were set at 60 ℃ and 7.8 MPa, respectively, 
to maintain the reactants within a SC-CO2 environment 
throughout the process. The temperature rise rate of 
the reactor was 10 ℃  min−1 and the final pressures were 
9–14 MPa. A control group was established with reac-
tions conducted under an  N2 atmosphere. Research has 
indicated that reaction pressure significantly influences 
the outcomes of biomass pyrolysis, while the quantity of 
gases does not impact the results (Hanaoka et  al. 2012; 
Morais et al. 2015), so the control group was maintained 
at the same pressure as the experimental group when 
reaching the reaction temperature. Following an orthog-
onal experimental design, experiments were conducted 
at the reaction temperatures of 200 ℃, 300 ℃, and 400 
℃, coupled with reaction times of 20 min, 40 min, and 60 
min.

Once the reaction reached the designated time, the 
reactor was taken out from the heating furnace quickly 
and cooled in a water pail. After the reactor had cooled 
to the initial temperature, the gas was collected with air 
air bags. Then, the liquid product was collected after each 
reaction and was extracted into 40 mL of dichlorometh-
ane in order to determine the liquid phase products by 
GC–MS. At the same time, the solid product could be 
obtained after liquid phase filtration. The solid product 
was dried in an oven at 105 ℃ for 48 h to obtain char. The 
samples were named according to the reaction conditions 
as C(N)x/y, where C indicates reactions conducted within 
a SC-CO2 atmosphere, and N signifies  N2 atmosphere. 
The variables x and y represent the reaction temperature 
and reaction time, respectively. For example, C200/20 is 

the sample which was reacted at 200 ℃ for 20 min in the 
SC-CO2 atmosphere.

The yield of char is as follows:

where msolid is the mass of the solid product, g, and mWS 
is the mass of WS powder fed into the reactor, g.

2.3  Preparation of activated carbon
0.8 g of char and 2.4 g of KOH were added to 20 mL of 
ultrapure water, stirred with a magnetic stirrer at 500 
r  min−1 for 2  h, so that the char and KOH were fully 
mixed, and placed in a vacuum oven at 105 ℃ for drying 
for 24 h, obtaining char-KOH mixed powder. The mixed 
powder was placed in a tube furnace and passed through 
Ar as a protective gas at 100 mL  min−1 and heated up to 
700 ℃ at a heating rate of 10 ℃  min−1 and maintained 
for 60  min. After cooling to room temperature, it was 
washed with 0.1  mol  L−1 hydrochloric acid to remove 
KOH, and centrifuged at 4000 r  min−1. The superna-
tant was extracted and the ultrapure water was added 
for another round of centrifugation. The process was 
repeated until the solution achieved a neutral PH. The 
solid obtained from filtration was dried in an oven at 105 
℃ for 24 h. This activated carbon was labeled as C(N)x/y-
AC, for instance, C200/20-AC, where AC indicates acti-
vated carbon. Specifically, the AC produced by activating 
WS feedstocks without the pretreatment by SC-CO2 was 
designated as WS-AC. This sample was as the control 
group for comparison.

The yield of the activation process and the total yield of 
the treatment are calculated as follows:

where mAC is the mass of the AC after drying, g, and 
mchar is the mass of the char before activation, g, and Yto-

tal represents the total yield of AC produced from treated 
WSs, %.

(1)Ychar =
msolid
mWS

× 100%,

(2)YAC =
mAC
mchar

× 100%,

(3)Ytotal = Ychar × YAC ,

Table 1 Elemental and proximate analysis of walnut shell

ad air drying base
a By difference

Sample Elemental analysis (wt%) Proximate analysis (wt%)

C H N S Oa Mad Aad Vad FCad

WS 50.130 6.613 1.240 0.509 41.508 0.92 0.74 79.96 18.38
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2.4  Methods of analysis
The gasification characteristics of samples in  N2 atmos-
phere at 50 mL  min−1 were observed by STA449F3 ther-
mogravimetric analyzer manufactured by NETZSCH 
company. In the process of thermogravimetric analysis 
(TGA), 11 mg of sample was used for each test, and the 
temperature rose from 50 ℃ to 800 ℃ at the rate of 10 
℃  min−1. The study was conducted using a sample-free 
crucible as a blank group to prevent the effects of buoy-
ancy and crucible differences in the experiment. Cali-
brated thermogravimetric curves were calculated by 
subtracting the curves from the blank experiment from 
the curves obtained when the samples were tested. The 
liquid products were analyzed using Agilent’s 7890GC-
MS instrument. Before testing, the dichloromethane 
extract of the liquid products was diluted fivefold with 
dichloromethane. Then, 1  mL of the diluted solution 
was filtered through a 0.45 μm filter nozzle and added 
to a specialized vial for the instrument. The vial was 
placed in the instrument for extraction and analysis. 
Compound analysis was performed using the NIST17 
mass spectral library retrieval. Qualitative analysis of 
the liquid products in each test was conducted by com-
paring the peak area ratios of individual components.

Gas composition in the gas products was analyzed 
using the Agilent 7890 gas chromatograph, manufactured 
by Agilent Technologies. Furthermore, the volumes of 
various gas components in the gas products were quanti-
tatively calculated by comparing them to the composition 
ratios of standard mixed gases.

The surface morphology of the solid product was 
observed and analyzed by Superscan SSX-550 SEM–EDX 
manufactured by Shimadzu Corporation.

The surface area and pore structure of the samples were 
analyzed using the ASAP2460 fully automated surface 
area and pore size analyzer, manufactured by Micromer-
itics. The measurements were conducted at a tem-
perature of 77  K using  N2 adsorption–desorption data. 
Subsequently, the specific surface area was calculated 
using the BET theory based on the adsorption isotherms 
of the samples. Before gas adsorption measurements, the 
samples were subjected to a 12-h degassing process at 
150 °C under vacuum using the VacPrep instrument.

The crystal structure of the solid sample was measured 
using an X’pert Pro X-ray diffractometer (XRD) from 
Panacor, The Netherlands. XRD is an analytical instru-
ment that uses the X-ray principle to study the internal 
structure of a substance. The target of the XRD used was 
CuKα, and the operating voltage and current were 40 
kV and 40 mA, respectively. The scanning rate was 8.85° 
 min−1, and the scanning range was 5–80°. In order to fur-
ther analyze the XRD results, the lamellar diameters (La) 
and stacking heights (Lc) of the aromatic lamellae as well 

as the layer spacing (d002) were then calculated according 
to the Scherrer and Braggs formula (Eqs. 4–6):

where  λ  is the  wavelength of the X-ray, nm,  β is the 
FWHM width of the diffraction peak, and θ is the diffrac-
tion angle, °.

The functional groups in the solid products were 
analyzed using a Fourier-transform infrared spectrom-
eter (FT-IR) from Bruker, model Vertex70. The spectral 
analysis was conducted in the range of 400–4000  cm−1, 
with a resolution of 4   cm−1. Background scans were 
performed 32 times, and the sample scans were con-
ducted 128 times.

The UV–visible spectrophotometer model DR6000 
from HACH was utilized. At the wavelength (665 nm) 
corresponding to the maximum absorbance value of 
the MB solution, the absorbance value was measured. 
This measurement was used to calculate the solution’s 
concentration and the adsorption capacity of the feed-
stocks for MB.

The results of the three-phase product were quanti-
fied to obtain the distribution of carbon elements in the 
three-phase product. The results of the elemental anal-
ysis were multiplied by the mass of the char to obtain 
the carbon content in the solids:

where CCs is the carbon content in the solid product, 
mol , mchar is the mass of the prepared char, g , ωchar is the 
carbon content in the char determined by an elemental 
analyzer, % and Mc is the relative atomic mass of the ele-
ment carbon, g  mol−1.

The carbon content of the gas was determined by first 
measuring the gas components using gas chromato-
graph, quantitatively calculating the carbon content of 
the gas-phase product based on the calibration mixture 
gas, and subtracting the carbon content of the initial 
 CO2 admittance.

where CCg is the carbon content in the gas product, 
mol, ni is the molar mass of a gas, mol, ωi is the elemental 
carbon content in the corresponding gas, %, and CCin is 
the carbon content in the initially passed  CO2, mol.

(4)La =
1.84×�

β100×cosθ100
,

(5)Lc =
0.89×�

β002×cosθ002
,

(6)d002 =
�

2× sinθ002
,

(7)CCs =
mchar×ωchar

MC
,

(8)CCg = ni × ωi − CCin,
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The carbon content in the liquid phase was calculated 
based on the conservation of the element carbon, using 
the carbon content of the feedstocks minus the carbon 
content of the solid and gas phase.

where CCl is the carbon content in the liquid product, 
mol, mWS is the mass of input WS, g, ωWS is the carbon 
content of WS measured by the elemental analyzer, %, 
and Mc is the relative atomic mass of the element carbon, 
g  mol−1.

2.5  Methylene blue adsorption experiment
A series of MB solutions were prepared with concentra-
tions of 0.1, 0.5, 1, 2.5, 3, and 5 mg  L−1. The absorbance 
values at a wavelength of 665  nm were measured using 
a UV–visible spectrophotometer and used to plot a con-
centration standard curve:

where C is the concentration of MB, mg  L−1, x is the 
absorbance value at 665 nm.

50 mg of AC was put into 300 mL of MB solution with 
a concentration of 100 mg  L−1 and stirred using a mag-
netic stirrer at 1000 r  min−1. The solution was withdrawn 
at the 1st, 2nd, 3rd, 5th, 10th, 15th, 30th, 80th, 120th, 
240th, and 1440th minutes and filtered through a 0.45 
μm filter nozzle, and the resultant solution was measured 
by the UV spectrophotometer at 665 nm.

The adsorption capacity of MB per unit mass of AC at 
time t, mg  g−1:

where C0is the initial concentration of MB, mg  L−1  , Ct 
is the concentration at time t, mg  L−1  , V represents the 
volume of the solution, L , and mAC stands for the mass of 
introduced AC, g.

Perform first-order and second-order adsorption kinet-
ics analysis based on the adsorption capacity of AC for 
MB. The pseudo-first-order equation (Eq.  12) and the 
pseudo-second-order equation (Eq. 13) are as follows:

where qe represents the equilibrium adsorption capacity 
of AC for MB, mg  g−1, qt is the adsorption capacity of MB 
at time t, mg  g−1, and  k1 is the rate constant for pseudo-
first-order adsorption,  min−1.

(9)CCl =
mWS×ωWS

MC
− CCs − CCg ,

(10)C = 4.8193x − 0.1928,

(11)qt =
(C0−Ct )×V

mAC
,

(12)lg(qe − qt) = lg qe −
(

k1
2.303

)

× t,

(13)t
qt

=
1

k2×q2e
+

t
qe
,

where qe is the equilibrium adsorption capacity of AC for 
MB, mg  g−1, qt is the adsorption capacity of MB at time t, 
mg  g−1, and  k2 is the rate constant for pseudo-first-order 
adsorption, g  mg−1  min−1.

In order to study the mechanism of adsorption of MB 
by AC and to understand the type of adsorption steps 
controlling the adsorption, intraparticle diffusion (Eq. 14) 
was equally used for the study.

where qt is the amount adsorbed at time t, mg  g−1  ,  Kp 
is the rate constant for intra-particle diffusion, mg 
 min0.5  g−1 , and C represents the adsorption capacity, mg 
 g−1, which is related to the thickness of the boundary 
layer.

3  Results and discussion
3.1  Thermogravimetric analysis (TGA)
Thermogravimetric analysis (Fig.  1) was carried out on 
the experimental and control char samples obtained 
after the pretreatment to investigate the composition of 
the char. Each sample showed a small weight loss peak at 
around 70 ℃, which was a drying peak due to water loss. 
Hemicellulose is thermally unstable and starts to decom-
pose at 250–330 ℃, cellulose decomposes in a narrow 
temperature range of 300–400 ℃. Lignin decomposes 
over a wide temperature range of 250–550 ℃ (Wang et al. 
2020). It can be seen that the weight loss peak of hemicel-
lulose was not present in any of the conditions, suggest-
ing that the hemicellulose was completely decomposed 
after the pretreatment. At a pretreatment temperature of 
200 ℃, the weight loss peak of cellulose was present in all 
of the  N2 atmosphere controls, however, in the SC-CO2 
atmosphere only the sample with the shortest pretreat-
ment time still had a weight loss peak of cellulose, which 
indicated that cellulose was no longer present within the 
C200/40 and C200/60, proving that the SC-CO2 condi-
tion promoted cellulose decomposition. Except for the 
200/20 condition, the lignin peaks in the char produced 
under the SC-CO2 condition were significantly higher 
than those in the control group treated under the  N2 
condition. This suggested a higher lignin content in char 
by SC-CO2 pretreatment. At the same pretreatment 
time, the weight loss peaks for lignin at 300 ℃ were all 
higher than those at 200 ℃, also indicating the increase 
in the relative content of lignin in the char samples at this 
time, this was due to the decomposition of cellulose. The 
weight loss peaks were all very weak under the pretreat-
ment condition of 400 ℃, indicating that most of the orig-
inal hemicellulose, cellulose, and lignin of the biomass 
had already been carbonized at this time, and that only a 
small amount of lignin was left. From the TG curves, the 

(14)qt = Kp × t0.5 + C ,
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chars pretreated with SC-CO2 lost more mass than  N2 
under all conditions except 200 ℃ for 20 min. This made 
the SC-CO2 pretreated chars more reactive than the  N2 
pretreated ones in the subsequent KOH activation. From 
the figures, it was observed that char of 400  °C had lost 
less mass than at 200 and 300 °C, because of the presence 
of ordered carbon structures (Om Prakash et al. 2020).

3.2  Biochar yields
The calculated char yields, activation yields, and total 
yields are given in Fig. 2. The total yields of AC prepared 
by the pretreatment step followed by activation were all 
higher than the yields of WS-AC (7.67%) which was acti-
vated directly with WS. As the pretreatment temperature 
increased, the yields of char showed a decreasing trend, 
which was consistent with the conclusion obtained from 
thermogravimetric analysis that the decomposition of 
hemicellulose, cellulose, and lignin was more adequate 

as the temperature increased. The yields of the activation 
increased as the pretreatment temperature increased. In 
particular, the activation yields of samples with a pre-
treatment temperature of 300 ℃ increased dramatically 
compared to 200 ℃, whereas the activation yields of 
samples pretreated at 400 ℃ showed a reduced increase 
compared to 300 ℃. There are two possible reasons for 
this difference in growth rate. Firstly, the decomposition 
of cellulose lignin in biomass is not yet sufficient at the 
lower pretreatment temperatures (Zhao et al. 2017), and 
they continue to pyrolyze during activation causing rapid 
mass loss. Secondly, the increase of temperature in the 
pretreatment process can effectively improve the thermal 
stability of char (Yi et al. 2022), resulting in a higher yield 
in the high temperature activation process. The total yield 
also increased with the rise in pretreatment temperature 
because of the increase in the yield of the activation step. 
At the same pretreatment temperature, with increasing 

Fig. 1 TG and DTG curves of chars under SC-CO2 and  N2 pretreatment. a Pretreatment at 200 ℃ for 20 min b Pretreatment at 300 ℃ for 20 min 
c Pretreatment at 400 ℃ for 20 min d Pretreatment at 200 ℃ for 40 min e Pretreatment at 300 ℃ for 40 min f Pretreatment at 400 ℃ for 40 min g 
Pretreatment at 200 ℃ for 60 min h Pretreatment at 300 ℃ for 60 min i Pretreatment at 400 ℃ for 60 min
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reaction time, there was an initial decrease followed by 
an increase in char production. This phenomenon can be 
attributed to the fact that during the pyrolysis process, 
the extended reaction time at high-pressure conditions 
enhanced the reaction rate, promoting the cracking of tar 
into char and gases (Hanaoka et al. 2012).

The results showed that the yields of char during pre-
treatment in the SC-CO2 atmosphere were lower than 
that of the control group. Zhu et al. (2017) attributed this 
to two reasons:  CO2 reacted with tar, thus inhibiting sec-
ondary char formation, and  CO2 might also react directly 

with char. Farrow et  al. (2015) who studied the effect 
of  CO2 on biomass pyrolysis using a drop tube furnace 
also demonstrated that  CO2 promoted the gasification of 
biomass more than  N2, which led to a decrease in char 
production.

3.3  Elemental analysis
Elemental analysis of the produced char precursors as 
well as AC was determined (Table 2) and the correspond-
ing O/C and H/C values were calculated. The carbon 
content in the char samples increased with increasing 

Fig. 2 Char yield, activation yield, and total yield at each pretreatment condition. a SC-CO2 atmosphere b  N2 atmosphere

Table 2 Elemental analysis of char under SC-CO2 and  N2 atmosphere

a By difference

Sample Elemental analysis (wt%) O/C H/C

C H Oa N S

C200/20 63.080 4.559 29.461 1.010 1.890 0.467 0.072

C200/40 66.380 4.468 27.068 1.000 1.084 0.408 0.067

C200/60 65.510 4.443 28.531 1.010 0.506 0.436 0.068

C300/20 77.550 3.641 17.394 1.060 0.355 0.224 0.047

C300/40 78.700 3.889 15.734 1.370 0.307 0.200 0.049

C300/60 79.200 3.696 15.420 1.390 0.294 0.195 0.047

C400/20 85.050 3.228 9.880 1.380 0.462 0.116 0.038

C400/40 86.720 3.467 7.654 1.830 0.329 0.088 0.040

C400/60 86.930 3.243 7.778 1.690 0.359 0.089 0.037

N200/20 63.820 4.347 30.335 1.280 0.218 0.475 0.068

N200/40 67.560 4.613 26.202 1.410 0.215 0.388 0.068

N200/60 65.630 4.726 27.964 1.500 0.180 0.426 0.072

N300/20 76.590 3.920 17.783 1.510 0.197 0.232 0.051

N300/40 77.200 3.891 17.205 1.520 0.184 0.223 0.050

N300/60 76.370 3.895 18.123 1.420 0.192 0.237 0.051

N400/20 89.190 3.208 5.539 1.720 0.343 0.062 0.036

N400/40 87.500 2.839 7.542 1.830 0.289 0.086 0.032

N400/60 90.120 3.077 4.613 1.880 0.310 0.051 0.034
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pretreatment temperature and treatment time, indicating 
that increasing temperature promotes the carbonization 
reaction. H and O content decreased with the increase of 
temperature and treatment time . This was due to the bio-
mass pyrolysis process. Moreore and more liquid phase 
organic compounds and H, O-containing gases were pro-
duced, and took away the H, O elements in the solid. As 
the treatment temperature rose, the O-containing func-
tional groups on the solid surface were also destroyed. 
For example, the carbon content of C400/60 increased 
by 79.8% relative to the WS feedstock, while the O and 
H content decreased by 88.9% and 53.5%, respectively. 
The measured C content of the pretreated char in the 
SC-CO2 atmosphere was lower than that of the  N2 con-
trol at 200 and 400 ℃ for all reaction times, while the 
oxygen content (except for 20 min at 200 ℃) was higher 
than that of the  N2 control. However, the results were 
reversed at a pretreatment temperature of 300 ℃, with 
the experimental group having a higher C content than 
the control group and a lower O content. This suggested 
that SC-CO2 as a reaction atmosphere at 300 ℃ pro-
duced a more carbon-rich char by promoting deoxygena-
tion and dehydrogenation reactions (Yi et al. 2022). The 
ratios of O/C and H/C were also calculated, and the ratio 
of O/C in the SC-CO2 treated samples was higher than 
that of the control at 200 ℃ and 400 ℃, and lower at 300 
℃, with a similar pattern for the H/C values. This indi-
cated that the char was more aromatic at 300 ℃, and the 
stability of char was higher under this condition, which 
can explain the analysis of thermal stability of samples 
in thermogravimetric analysis  to some extent. Balahmar 
and Mokaya (2019) suggested that the pores produced 
in AC and the ease of activation were correlated with the 
O/C ratio in the char, with char precursors with a low 
O/C being more difficult to activate by KOH, a trend that 
is demonstrated in subsequent BET analyses. It can also 
be argued that char with a higher oxygen content indi-
cated that it had more O-containing functional groups. 
These complex char compositions served as carriers for 
KOH activation, facilitating the generation of more com-
plex pore structures and thus increasing the specific sur-
face area. In addition to this, the more oxygenated char 
was consumed more due to the reaction of KOH with the 
reactive oxygenated substances in the biomass, and the 
effect of KOH was significantly enhanced at high temper-
atures, a finding that was verified in the yield of the acti-
vation process. The values of O/C in the C200 samples 
decreased and then increased with the increase in pre-
treatment time, while the values of O/C in the C300 sam-
ples decreased consistently. Similarly, the values of O/C 
in the C400 samples also decreased and then increased. 
Correspondingly, the yields of the activation process for 
C200-AC increased and then decreased. The activation 

yields for C300-AC increased with the increasing pre-
treatment time of the samples, and the activation yields 
for C400-AC initially increased and then decreased. 
Elemental analysis of the AC (shown in Additional file 1: 
Table  S1) prepared after activation was also conducted, 
and the results indicated that the carbon content of the 
AC increased further. This increase can be attributed to 
two factors: further carbonization of the sample follow-
ing the high-temperature activation treatment and the 
removal of some ash through the washing process used 
to eliminate KOH after activation. Additionally, the oxy-
gen content of the activated samples decreased, indicat-
ing the reaction with KOH.

3.4  Three‑phase products
The gas-phase products and liquid-phase products of the 
experimental group (SC-CO2 atmosphere) were analyzed 
specifically and quantitatively, and the carbon content of 
the three-phase products was calculated. Figure  3 plots 
the types and yields of gas products under each pretreat-
ment condition. During the pretreatment process, in 
general, the total amount of gas-phase products showed 
an upward trend with the increase of pretreatment tem-
perature (Butterman and Castaldi 2010) and it increased 
from 1.324  mol   kg−1 at C200/20 to 10.450  mol   kg−1 at 
C400/60. As the temperature increased, the variety of 
gas products began to expand, with  H2, CO,  CO2,  CH4, 
and  C2H6 appearing at higher temperatures (300 and 400 
℃). The amount of  H2, as well as low-molecular-weight 
hydrocarbons  (CH4 and  C2H6), increased with tempera-
ture. Pyrolysis of cellulose at low temperatures (below 
300 ℃) involved a reduction in molecular weight and the 
release of CO and  CO2. At higher temperatures, the mol-
ecules rapidly depolymerized, and the disproportionation 
and decarboxylation of the dehydrated sugar compound 

Fig. 3 Types and contents of gases produced by pretreatment
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units resulted in a mixture of low-molecular-weight gases 
and volatile products (Shafizadeh 1982). Meanwhile, 
secondary reactions of the tar at high temperatures also 
cracked low molecular weight gases and carbon-contain-
ing gas compounds.

The liquid phase products were analyzed using gas 
chromatography-mass spectrometry (GC–MS) and the 
compounds corresponding to each peak were retrieved 
from the database, the spectral lines are shown in Fig. 4, 
and the relative contents corresponding to some of the 
compounds were calculated. It can be observed that the 
liquid products mainly consist of small-molecule com-
pounds, such as 3-methyl-phenol; 2-methoxy-phenol; 2, 
6-dimethoxy-phenol; 3, 4-dimethyl-phenol. And mono-
meric compounds formed during the decomposition of 
lignin, such as syringylacetone  (C11H14O4). The relative 
percentage content of each compound in the liquid phase 
product can be obtained by smoothing the spectrum 
given by GC–MS, and then integrating and normalizing 
the area of each peak. The detailed peak time of some 
substances, the corresponding formulas, and the relative 
contents in the liquid phase products are listed in Table 3.

From the results, as the pretreatment temperature 
increased from 200 ℃ to 400 ℃, the peak value of the 
substance in the liquid product gradually decreased, 

and combined with the trend of the amount of gas and 
solid products with the pretreatment temperature, it 
can be concluded that the increase in temperature is 
more favorable to the gasification of biomass. And as 
the pretreatment temperature increased, the variety of 
liquid-phase products began to increase and convert 
from molecules with high carbon content to small-mol-
ecule aromatic compounds with low carbon content. 
In particular, it should be noted that at the lower treat-
ment temperature of 200 ℃, the type and content of 
the liquid substances changed regularly with the treat-
ment time, and it was possible to discern from this the 
evolutionary pattern of the partial decomposition of 
lignin. Aromatic methoxylation of lignin was stable at 
low-temperature pyrolysis, with fewer types of pyroly-
sis products, and lignin first depolymerized into the 
intermediate (Tan et  al. 2022), primary pyrolysis then 
produced small-molecule aromatic compounds, mainly 
2-methoxyphenol (NO. 3 in Table 3) from the fractured 
lignin guaiacyl and 2,6-dimethoxy-phenol (NO. 8) from 
the syringy (Liu et al. 2008). The levels of both increased 
from 13.47% and 19.83% at 20 min to 24.15% and 40.13% 
at 60  min, respectively. The content of phenol (NO. 1) 
and 1-(4-hydroxy-3-methoxyphenyl)-2-Propanone (NO. 
9) and 1,2-dimethyl-Naphtho[2,1-b] furan (NO. 11) 

Fig. 4 GC–MS results of liquid products of SC-CO2 pretreatment under different conditions
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decreased with pretreatment time. At higher tempera-
tures (400 ℃), a secondary pyrolysis reaction occurred, 
leading to the cleavage of -O-CH3 on the aromatic ring, 
resulting in the formation of phenol and methylphe-
nols (Kawamoto 2017). Thus, it was possible to observe 
an increase in the content of the corresponding com-
pounds at 400 ℃ (NO.1, NO.2, NO.6 in the Table  3). It 
was encouraging to note that phenol-enriched by-prod-
uct with high percentage content up to 67.41% at 200 ℃ 
appeared, which has some economic value. Particularly, 
there was 2,6-dimethoxy-phenol with a percentage con-
tent of 40.13% at 60 min, which has certain applications 
in organic synthesis and pharmaceutical research and can 
be used as a flavor.

Figure  5 shows the calculated distribution of carbon 
in the three-phase products. An increase in the carbon 
content of the gas with increasing pretreatment time can 
be seen at the temperature of 200 ℃, because the pyroly-
sis of the biomass produced char, tars, and gases, and the 
cracking reaction of the tars also produced gases (Liu 
et al. 2018) . Both reactions produced CO and  CO2 at the 
beginning and grew with reaction time. Interestingly, at 
pretreatment temperatures of 300 and 400 ℃, the carbon 
content in the solid-phase product remained essentially 
constant, while the carbon in the gas and liquid products 
was constantly changing, suggesting that at this point the 
reaction of carbon consumption by biomass pyrolysis was 
in equilibrium with that of the production of secondary 
coke from tar. The conversion of carbon-containing com-
pounds in the gas and liquid phases was mainly involved 
during this period.

3.5  Functional groups of char
To further investigate the effect of different pretreatment 
conditions on the chemical composition of the char, the 
functional groups of the char were demonstrated using 

Fourier transform infrared spectroscopy (FT-IR). The 
measurements are shown in Fig. 6, and Additional file 1: 
Table S2 lists the typical functional groups and the cor-
responding compounds and sources (Zhao et  al. 2017; 
Wang et  al. 2021; Yi et  al. 2022). The structure of the 
functional groups was richest at 200 ℃ pretreatment 
temperature and remained essentially unchanged as the 
pretreatment time increased. They included C–O–C 
stretching vibrational peaks (1095   cm−1, 1031   cm−1) 
present in glycosidic, phenols, ethers, and esters groups, 
C–O–C asymmetric stretching peak (1153   cm−1) from 
pyranose ring, C-O stretching peak (1210   cm−1) from 
Phenol and C=C stretching peak (1600   cm−1) from 
Aromatic skeletal present in lignin. C=O stretching 
peak (1695   cm−1) from aldehydes, and  CH2 asymmet-
ric and symmetric stretching peaks (2970–2840   cm−1) 
from alkyl, aliphatic, and aromatic. The absorption 
peaks appearing at the 3600–3000   cm−1 spectral band 
were caused by O–H stretching vibrations. Peaks asso-
ciated with cellulose, such as the –CH2 wagging peak 
(1320   cm−1), C–O–C asymmetric stretching peak in 
pyranose ring (1153  cm−1), and C–O–C stretching peak 
(1031   cm−1), disappeared after pretreatment at 300 and 
400 ℃, indicating complete decomposition, which is 
consistent with the result obtained from thermogravi-
metric analysis. The C=C vibrational peaks at 1600 
and 1510   cm−1 originating from lignin and extractives 
decreased or even disappeared as the pretreatment tem-
perature increased, representing that the decomposition 
of lignin tended to be complete with increasing tem-
perature. The O–H vibration peak was also noteworthy, 
as it was observed in all samples treated under SC-CO2 
atmospheres but was only present in the 200 ℃ sam-
ples under the  N2 atmosphere. This indicated that the 
presence of SC-CO2 protected the hydroxyl group from Fig. 5 Content of elemental carbon in three-phase products

Fig. 6 FT-IR spectra of char in SC-CO2 and  N2 atmosphere
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degradation. Chars obtained at low temperature and in 
the SC-CO2 atmosphere were richer in oxygen-contain-
ing functional groups, which provided more chemically 
active sites for char precursors (Xiao et al. 2018), and  it 
provided a platform for attaching KOH for activation and 
could improve the effectiveness of the activation step.

3.6  Characterization of carbon stack structures
The XRD spectra of the char (Fig.  7a) showed that the 
chars all had graphitic features, and the spectral lines 
had two distinct peaks as peak 002 (2θ = 22–25°) and 
peak 100 (2θ = 42–45°). The peak 002 represented the 
parallelism and stacking height of the aromatic lamel-
lae, and the appearance of peak 002 was mainly attrib-
uted to the parallel stacking of the aromatic lamellae. 
Peak 100 represented the lateral size of aromatic layers, 
which was the diameter of the layers. The appearance of 
peak 100 was mainly attributed to the ordered arrange-
ment of carbon atoms in the graphite-like phase within a 
single plane. Two distinct reflections were also observed 
in the samples of WS and C200/20: 101 and 040. These 
were attributable to the the exhibited cellulose structure, 
indicating partial pyrolysis of cellulose under these con-
ditions, which was consistent with the results of thermo-
gravimetric analysis. At the pretreatment temperature 
of 200 ℃, with the increasing pre-treatment time, these 
peaks gradually decreased in intensity and broadened. 
At this point, aromatic layers coexisted with the cellulose 
crystal structure, char became a ‘continuum’ of carbona-
ceous molecules, involving crystalline and amorphous 
phases (Pusceddu et  al. 2017). At temperatures exceed-
ing 300 ℃, these peaks disappeared entirely, indicating 
the complete loss of the cellulose crystal structure. Cor-
respondingly, the intensities of the peak 002 and peak 
100 increased. These small graphene structures were 

referred to as disordered microcrystals and continued to 
develop as the degree of carbonization deepened (Keilu-
weit et al. 2010). In Origin 2021 software, Gaussian fitting 
was applied to the 002 and 100 peaks. For the peak 002, a 
fit with two Gaussian functions was employed, while the 
peak 100 was fitted with a single Gaussian function. As 
shown in Additional file 1: Fig. S1, the fitting results were 
demonstrated using the C400/60 sample as an exam-
ple. Within the peak 002, there was an additional γ peak 
(~ 20°), which contributed to the asymmetry of the 002 
peak. The appearance of the γ peak was attributed to the 
presence of alkyl side chains and other structures con-
nected to the edges of the aromatic rings, causing asym-
metry in the 002 peak (Jiang et al. 2019).

Additional file 1: Table S3 shows the calculated geom-
etry of the aromatic layers. La and Lc can reflect micro-
crystal sizes. From the results, the calculated lamellar 
diameters La of char did not exhibit any consistent pat-
terns related to pretreatment temperature and time but 
fluctuated between 1.638 nm and 3.002 nm. The stack-
ing heights of the layers Lc, showed an overall decreas-
ing trend as the pretreatment temperature increased. 
It decreased from 2.821 nm in C200/20 to 1.399 nm in 
C400/60. This indicated that the aromatic structures 
underwent significant lateral aggregation and transfor-
mation into polycyclic aromatic hydrocarbons. The d002 
spacing decreased from the range of 1.556–1.597 nm at 
200 ℃ to 1.413–1.458 nm, indicating a reduction in the 
char’s aromatic layer spacing at temperatures exceeding 
200 ℃. This suggested that the aromatic layers within the 
char continued to condense, and at this point, the micro-
crystalline structure was increasingly tending towards 
graphitization (Jiang et al. 2019). X-ray diffraction (XRD) 
spectra of AC were also measured to determine its struc-
ture (Fig. 7b). The XRD spectra of AC exhibited 002 and 

Fig. 7 XRD curves of samples. a Char and WS feedstock b Activated carbon
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100 peaks at 2θ = 22–25° and 2θ = 42–45°, respectively, 
corresponding to the stacking structure of graphene. 
However, compared to the 002 and 100 peaks of char, 
the peaks of AC were weaker and broader. This suggested 
that the graphene structure of AC had been disrupted, 
consistent with the destructive property of the activa-
tion process. These broad peaks indicated the amorphous 
nature of the carbon structure, characteristic of typical 
KOH-AC.

3.7  Porosity analysis
From the electron microscope scanning results (Fig.  8), 
the external structural morphologies of the biomass after 
the pretreatment and activation steps were dramatically 
changed. The structure of the WS feedstock showed 
irregular lumpy particles with a relatively flat surface and 
no visible pore structure. After SC-CO2 pretreatment, 
the surface of the char material became uneven and 
rough, revealing abundant honeycomb-like pore struc-
tures. This transformation was attributed to the pyroly-
sis of hemicellulose, cellulose, lignin, and the subsequent 
release of gases. After the activation step, the AC also 
exhibited plentiful pores, but the number and shape of 
the pores differed somewhat from those of the pretreated 
char. The number of surface pores on the AC increased 
notably, forming a more compact honeycomb-like pore 
structure with significantly smaller pore diameters. These 
microporous structures were removed during the KOH 
activation carbon gasification process.

To further investigate the pore structure of char and 
AC, the prepared samples were characterized using  N2 as 
an adsorbent and a fully automated specific surface area 
and porosity analyzer. The data obtained are shown in 
Additional file 1: Table S4. It was evident that the specific 
surface areas of the pretreated char were relatively low. 
Under pretreatment temperatures of 200 ℃ and 300 ℃ 
for a short duration, there was a slight increase in specific 
surface area compared to the WS feedstocks. However, at 
300 ℃ for an extended duration and at 400 ℃, the specific 

surface areas of the char were even lower than that of the 
WS. There could be two reasons for this. Firstly, at high 
temperatures, the tar generated may clog the pore struc-
tures. Secondly, after prolonged exposure to high tem-
peratures, the micro-pore structure formed by the char 
expanded and collapsed, resulting in the narrowing and 
closure of pore entrances.

In contrast, the specific surface areas of the AC sig-
nificantly increased. Among the char precursors sub-
jected to SC-CO2 pretreatment, the highest specific 
surface area after activation was achieved at 200 ℃ for 
20  min, reaching 1653.905   m2   g−1. During this condi-
tion, the pretreatment was the mildest, making it safer 
and more energy-efficient. The lowest specific sur-
face area was observed at 400 ℃ for 40  min, reaching 
848.954   m2   g−1. With the increase of pretreatment tem-
perature, the specific surface area showed a decreasing 
trend, which was consistent with the results predicted by 
FTIR spectral analysis. And with the increase of tempera-
ture, the oxygen-containing functional groups of char 
were continuously destroyed, resulting in the decrease of 
its chemical active sites, which was not favorable for the 
attachment of KOH. In comparison, the specific surface 
area of the AC obtained after the  N2 control treatment 
had the highest of 1403.690  m2  g−1, while the lowest was 
only 0.923  m2   g−1, which was much lower than that of 
the AC obtained after the SC-CO2 treatment. It is note-
worthy that the specific surface area of the AC prepared 
from WS feedstocks without the pretreatment process 
was only 566.876  m2   g−1, which was lower than that of 
all ACs prepared after SC-CO2 pretreatment. There-
fore, although the pretreatment with SC-CO2 could not 
increase the specific surface area of the char significantly, 
and in some cases, it even had a negative impact on the 
pore structure of the char, the pretreatment provided 
chemically active sites and made the surface of the char 
rougher, which allowed more KOH to be attached to the 
carbon surface and improved the effect of activation. 

Fig. 8 SEM images of solid residues (magnification = 5500). a WS b C200/60 c C200/60-AC
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Overall, the benefits of the SC-CO2 pretreatment process 
were demonstrated.

From the pore size distribution of SC-CO2 pretreated 
char and AC (Fig. 9a), it can be seen that the pores of the 
char after pretreatment at lower temperatures (200  °C 
and partially 300 °C) were relatively more developed and 
more mesoporous structures with pore sizes in the range 
of 10–100 nm, possessing a small number of microporous 
structures with pore sizes smaller than 2 nm. The char at 
higher temperatures had lower peaks, and undeveloped 
pore structures but uniform pore size distribution with 
a distribution of micropores and mesopores. The AC 
obtained after KOH activation displayed very developed 
pores, especially the two samples with the highest specific 
surface area, C200/20 and C200/60, with peaks of 1.6 and 
1.2  cm3   g−1, respectively. And the pore sizes of the AC 
were mainly concentrated in micropores with pore sizes 
less than 2  nm. From the distribution of 2–5  nm pore 
sizes in Additional file  1: Fig. S2, the microporous and 
mesoporous structures of ACs were very well developed 
and concentrated in the microporous structure, while the 
micropores and mesopores of the chars were very weak 
or even absent. The  N2 adsorption and desorption iso-
therms of C200/20 and C200/20-AC are shown in Fig. 9b 
(other samples in Additional file 1: Fig. S3). The adsorp-
tion–desorption curve of the char C200/20 conformed to 
a Type III isotherm, indicating a non-porous or macropo-
rous solid material. The curve lacked an inflection point, 
suggesting the absence of identifiable monolayer forma-
tion. The interaction between the adsorbent material and 
the adsorbate gas was relatively weak, with adsorbate 
molecules congregating around the most attractive sites 
on the surface. The sample exhibited limited adsorp-
tion capacity at the saturation pressure point (P/P0 = 1). 
The adsorption–desorption curve of the AC sample 

C200/20-AC exhibited a typical Type I isotherm, char-
acteristic of adsorption curves for microporous materi-
als. At very low P/P0 values, there was a sharp increase 
in adsorption, primarily due to the enhanced interaction 
between the adsorbent and adsorbate within the narrow 
micropores, leading to the filling of these micropores at 
extremely low relative pressures. The subsequent curve 
was horizontal or nearly horizontal, with adsorption 
approaching a limiting value, typical of Langmuir iso-
therms. The saturation of adsorption was due to the con-
straints imposed by the volume of micropores into which 
the adsorbed gas can enter, but not due to the internal 
surface area. When the saturation pressure was reached 
(P/P0 > 0.99), adsorbate condensation might occur, lead-
ing to an upward turn in the curve. And it was obvious 
that the adsorption capacity of AC was much higher than 
char.

3.8  Methylene blue adsorption experiments
MB was chosen as the testing index, and adsorption 
experiments were conducted to assess the adsorp-
tion characteristics of the prepared ACs, both under 
SC-CO2 atmospheres and  N2 control conditions. The 
adsorption kinetics of the ACs were calculated and ana-
lyzed based on the obtained results. The adsorption 
curves of AC on MB are shown in Fig. 10a, b. The satu-
rated adsorption of MB dye by AC adsorbent materials 
decreased with increasing pretreatment temperature 
and decreased with increasing pretreatment time at the 
same pretreatment temperature (except for C300/40-AC 
and C300/60-AC). Sample C200/20-AC had the highest 
saturated adsorption of 540.0 mg   g−1, while the directly 
activated WS sample WS-AC had a saturated adsorption 
of 211.5 mg  g−1. The highest saturated adsorption of the 
 N2 control group over 24  h was found in N200/20-AC, 

Fig. 9 a Pore size distribution of char and activated carbon b  N2 adsorption and desorption isotherms of C200/20 and C200/20-AC
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which reached 440.7 mg   g−1. The adsorption rate of the 
AC samples prepared by the control group was very slow, 
for example, N300-AC still did not reach the saturation 
adsorption amount for 24  h. And the lowest saturated 
adsorption capacity of AC prepared by SC-CO2 pre-
treatment was 129.5 mg  g−1, while that of the  N2 control 
group was only 33.3 mg  g−1. So, it is obvious that SC-CO2 
pretreatment had a strong contribution to improve the 
adsorption performance of AC prepared from biomass. 
It should be noted that the adsorption performance of 
AC on MB dye was not necessarily positively correlated 
with the specific surface area of the sample, because there 
were also chemical sites on the surface of AC that were 
active on MB dye, for example, functional groups, such 
as –OH, –NH, N–O, which could promote the chemi-
cal binding of positively charged dye molecules to the 
surface of AC (Yao et al. 2020), and the high specific sur-
face area and high density microporous structure could 

improve the mass transfer efficiency. In order to evaluate 
the performance of AC prepared by SC-CO2 pretreat-
ment, we searched for studies on other biomass-based 
AC preparation methods in recent years and listed their 
preparation methods, specific surface areas, and adsorp-
tion capacities of MB in Additional file 1: Table S5. The 
BET specific surface area of the AC prepared in this work 
can be seen to possess an advantage compared with other 
studies. The adsorption effect for MB has an outstanding 
advantage and it can be concluded that the AC pretreated 
by SC-CO2 has a strong performance for wastewater 
treatment.

The results of the adsorption kinetic analysis (pseudo-
first-order equation, pseudo-second-order equation, 
and intraparticle diffusion equation) of the AC pre-
pared by SC-CO2 pretreatment followed by KOH acti-
vation are presented in Additional file  1: Table  S6. The 
 R2 values of the pseudo-first-order kinetic model were 

Fig. 10 a Adsorption curves for MB of SC-CO2 pretreated activated carbon and WS-AC b Adsorption curves of  N2 pretreated activated carbon c 
Intraparticle diffusion equation for the adsorption of MB by activated carbon d Saturated adsorption of MB per unit mass of WS feedstock
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0.66041- 0.96835, while the  R2 values of the pseudo-sec-
ond-order kinetic model were 0.99645–0.99997. There-
fore, the kinetics of the adsorption of MB by the AC were 
better represented by the pseudo-second-order model, 
which indicated that the adsorption of MB by the AC 
material was chemisorptive. Chemisorption limited the 
rate of adsorption, where valence forces were created 
by electron sharing or exchange between the adsorbent 
and the adsorbate (García et al. 2014). The intra-particle 
diffusion diagram (Fig.  10c) showed that the adsorp-
tion of MB dye on AC basically followed three steps 
and  Kp1 >  Kp2 >  Kp3, indicating a decrease in the rate of 
molecular diffusion. At first, the MB molecules rapidly 
occupied the surface of the AC from solution and entered 
the pores described by  Kp2 when the surface adsorption 
sites were saturated and the rate was further reduced as 
the adsorption was saturated and the diffusion resistance 
increased. After the molecules had entered the pores 
described by  Kp3, the diffusion rate was very low and 
slowly reached saturation (Mohammed et al. 2015).

To investigate the common effects of different treat-
ment processes, considering the yield and adsorption 
capacity of AC in the two-step method, the saturated 
adsorption capacity of AC prepared from the unit mass 
of WS feedstocks for MB was calculated (Fig. 10d). From 
the results, it could be observed that under any pretreat-
ment conditions, the adsorption capacity of AC prepared 
from the unit mass of WS in SC-CO2 atmosphere was 
higher than that in  N2. Furthermore, due to the influence 
of the yield, the maximum adsorption capacity of AC 
prepared from the unit mass of WS appeared at C300/60, 
reaching 80.4  mg   g−1. In summary, using SC-CO2 pre-
treatment of biomass for two-step AC preparation offers 
significant advantages.

4  Conclusion
This study successfully prepared biochar adsorption 
material with a rich pore structure, high specific surface 
area, and strong adsorption capacity using a two-step 
method involving SC-CO2 pretreatment and KOH acti-
vation. Pretreatment with SC-CO2 under mild conditions 
resulted in a rough and porous surface structure of the 
char, which also retained a large number of functional 
groups providing chemically active sites for the activation 
step, leading to a more efficient activation and an increase 
in the total yield. In comparison to the direct activa-
tion of WS, the specific surface area increased by 192%, 
and the total yield increased by 72% under the optimal 
specific surface area condition. Compared to activated 
carbon prepared with  N2 pretreatment, the maximum 
specific surface area increased by 18%, and the maximum 
adsorption capacity for MB increased by 23%. The opti-
mal pretreatment conditions (at 200 ℃ for 20 min) in this 

work were mild and energy-efficient. Additionally, the 
preparation process of samples with the highest specific 
surface area generated economically valuable organic by-
products with high content. The SC-CO2 pretreatment 
of biomass has a significant impact on the production of 
high-specific-surface-area activated carbon, providing a 
feasible solution for the reuse of WS waste and the treat-
ment of wastewater containing dyes.
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