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Abstract 

Due to the complex porous structure, biochar usually has good adsorption capacity. Therefore, compared with direct 
combustion, conversion of peanut shell into biochar by pyrolysis is considered to be an environmentally friendly 
and efficient method for agricultural solid waste disposal. In this study, biochar production from microwave-assisted 
pyrolysis of peanut shell was detailed. The yields, surface topographies, and pore structures (pore size distribution 
and micropore volume) of biochars prepared at different pyrolysis temperatures (700, 750, 800, 850, 900, and 950 °C), 
microwave powers (350, 400, 450, 500, and 550 W), and residence times (0.5, 1.0, 1.5, 2.0, and 3.0 h) were elaborated. 
The results showed that the biochar yield gradually decreased and finally stabilized to around 30% while the spe-
cific surface area improved within the range of 4.68–67.29  m2/g when the pyrolysis temperature, microwave power, 
or residence time increased. Biochar with micropore was first obtained at pyrolysis temperature of 800 °C, microwave 
power of 500 W, and residence time of 2.0 h. This study further proposed quantitative relationships between the pore 
structures of peanut shell based biochars and experimental conditions (pyrolysis temperature, microwave power and 
residence time). The results presented in this study can provide guidance for the reuse of peanut shell and the pro-
duction of porous biochar. The peanut shell biochar prepared in this study can be used in soil remediation, air purifi-
cation, liquid purification and other fields for its porous structural characteristics.

Highlights 

• Peanut shell based biochar was produced using microwave-assisted pyrolysis.

• Effects of pyrolysis operating parameters, such as pyrolysis temperature, microwave power, and residence time 
on the biochar yields, surface topographies, and pore structures were detailed.

• The biochar yields were in the range of 30.04–43.38 wt. %.

• The maximum specific surface area was 67.29  m2/g at 950 °C, 500 W, and 2.0 h.
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• Biochar with micropore appeared at pyrolysis temperature of 800 °C, microwave power of 500 W, and residence time 
of 2.0 h for the first time.

• Quantitative relationships between the pore structures of peanut shell based biochars and experimental conditions 
were proposed.

Keywords Microwave-assisted pyrolysis, Peanut shell, Biochar, Yield, Pore structure

Graphical Abstract

1 Introduction
Peanut shell is the by-product of peanut production. 
More than 4.0 ×  107 t peanuts were produced in the world 
per year and increased at the rate of 1.16 million tons/
year (Liu et  al. 2018). Therefore, quantities of peanut 
shells were produced and most of them were discarded as 
solid waste or burned off, resulting in resource loss and 
environmental pollution (Cheng et  al. 2016). Thus, it is 
of great importance to find new ways of comprehensive 
utilization of peanut shell. Nowadays, the conversion of 
peanut shell into biochar by pyrolysis is considered to 
be an environmentally friendly and efficient method for 
agricultural solid waste disposal (Fodah and Abdelwahab 
2022; Fodah et  al. 2020). Preparation of porous biochar 
has become a research hotspot (Fodah et al. 2020a). Bio-
char refers to carbon-rich material produced by ther-
mal decomposition of organic raw materials under an 
anoxic or anaerobic atmosphere (Deng et al. 2020; Fodah 
and Ghosal 2021). In recent years, biochar has received 
increasing attention because of the properties of high 
porosity, large specific surface area, abundant functional 
group, and high electrical conductivity. Biochar produced 

from agricultural residues showed a  great potential as 
biofuel (Fodah et al. 2021), soil remediation (Novak et al. 
2019; Chen 2019; Chen et  al. 2019), heavy metal adsor-
bent (Liu et al. 2022a; Huang et al. 2019; Kumuduni Niro-
shika Palansooriya et  al. 2019), purification (Liu et  al. 
2020; Dissanayake et al. 2020), catalyst field (Zhang et al. 
2020a), and electrochemical field (Sun et al. 2020; Amen 
et al. 2020; Motasemi et al. 2015), as shown in Fig. 1.

The pore structure properties of biochars are strongly 
controlled by the type of feedstock and the pyrolysis 
condition (Fodah et al. 2020b; Wei et al. 2020; Qiuhao 
et  al. 2019) (such as pyrolysis method, pyrolysis tem-
perature, heating rate, and residence time). Liu et  al. 
(2018) studied the influences of pyrolysis conditions 
(pyrolysis temperature, retention time, heating rate, gas 
flow rate, and feedstock particle size) on the physical–
chemical characteristics of biochar produced from pea-
nut shell in a fixed-bed reactor. The results showed that 
the temperature played a major role in regulating the 
yields, distributions, and characteristics of biochars. 
Shan et al. (2020) studied the effect of temperature on 
the adsorption capacities of peanut shell based biochar 
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and found that monolayer adsorption and chemical 
adsorption occupied an important role. Fan et al. (2022) 
studied the adsorption properties of diethyl phtha-
late by biochar samples produced from peanut shell 
at 300 ~ 800  °C, and the biochar produced at 800  °C 
had the highest specific surface area. Actually, most of 
the researches focused on traditional electric heating, 
which uses tube furnace or muffle furnace to pyrolysis 
peanut shells. During the electrical pyrolysis process, 
heat is transferred to the materials through convection 
heat transfer, radiation heat transfer and heat conduc-
tion, and the temperature is increased from the outside 
to the inside (Zhang et al. 2017a). Compared with elec-
trical pyrolysis, microwave-assisted pyrolysis has been 
paid more and more attention by scholars because of 
the advantages of high conversion efficiency (Zhang 
et  al. 2020b), low energy consumption (Zhang et  al. 
2017b), and uniform internal heating distribution (Ke 
et al. 2019) for biomass pyrolysis. These advantages are 
determined by its unique heating principle: the micro-
wave radiation will cause the collision among the polar 
molecules inside the material, which directly converts 
the electromagnetic energy into the internal energy, 
making the temperature inside the material far higher 
than the external surface. Thus, the materials can be 

heat up rapidly and uniformly (Wang et  al. 2020a). At 
present, there were a few studies on the adsorption 
properties of peanut shell based biochar prepared by 
microwave-assisted pyrolysis. For example, Chu et  al. 
(2017) compared the pore properties of peanut shell 
biochars produced using microwave and muffle fur-
nace. At the same pyrolysis temperature, biochar pre-
pared by microwave-assisted pyrolysis preserved more 
biomass and had a larger surface area. However, only 
three sets of experimental results (200, 400, and 600 °C) 
were given. Fan et al. (2023) focused on the yields and 
higher heating values of the peanut shell based biochar. 
The highest biochar yield (86.0 wt. %) was obtained at 
400 °C, 350 W, and 10 min. However, the pore structure 
properties of biochar were not studied.

Since there were no systematic studies on the micro-
wave-assisted pyrolysis process of peanut shell under 
different pyrolysis conditions and the effects of pyrolysis 
conditions on the yield and pore structure of biochar up 
to now, the influences of pyrolysis operating parameters 
such as pyrolysis temperature, microwave power, and 
residence time on the yield, surface topography, and pore 
structures (pore size distribution and micropore volume) 
of peanut shell based biochars produced by microwave 
pyrolysis had been explored for the first time here.

Fig. 1 Applications of porous biochar
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2  Materials and methods
2.1  Materials
In this study, peanut shell from Henan Province (China) 
was chosen as the raw material. These peanut shells were 
first cleaned and oven-dried at 60 °C. Then they were 
crushed using a pulverizer and screened with a 60-mesh 
screen. The proximate analysis and ultimate analysis of 
these treated raw materials were done before the pyrolysis 
experiments, and the results were shown in Table 1. The 
result of ultimate analysis showed that carbon, hydro-
gen, nitrogen, oxygen, and sulfur accounted for 44.86%, 
6.70%, 1.77%, 46.44%, and 0.23%, respectively. The result 
of proximate analysis showed that moisture, ash, volatile, 
and fixed carbon accounted for 5.40%, 4.81%, 69.89%, and 
19.90% as percent of dry feedstock, respectively. In this 
study, the microwave absorbent was silicon carbide (SiC) 
with the density of 3230  kg/m3 and the size of ~ 2  mm, 
which is inexpensive and easy to obtain.

2.2  Experimental setup
Three influencing factors (pyrolysis temperature, micro-
wave power, and residence time) were studied here. It 
was found that the micropore of biochar showed at the 
pyrolysis temperature of 800  °C, the microwave power 
of 500 W, and the residence time of 2.0 h by preliminary 
experiments. Therefore, the operating conditions were 
designed as follows: (1) pyrolysis temperature (700, 750, 
800, 850, 900, and 950 °C), (2) microwave power (400, 
450, 500, 550, and 600 W), (3) residence time (1.0, 1.5, 
2.0, 2.5, and 3.0 h), as shown in Table 2. In the prelimi-
nary experiment, we also found that when the mass ratio 
of peanut shell to SiC met 5:4, raw materials could rise 
to the pyrolysis temperature to be studied at the appro-
priate time. Through the preliminary experiment, other 
conditions like mass of peanut shell and SiC and volume 
of reactor were determined, which are shown in Table 3.

2.3  Experimental procedures
Figure  2 shows the schematic diagram of a microwave 
pyrolysis system established in a small laboratory setting in 
Harbin (China). The system consisted of five parts which 
included 11 kinds of facilities. Two K-type thermocouples 
(the temperature range was 0–1000 °C and the accuracy was 
0.1 °C) were used to measure the biomass temperature here.

The specific experimental process of this work is shown 
below: (a) a quartz reactor was weighed and recorded. (b) 
15 g peanut shell and 12 g SiC were mixed. (c) The micro-
wave-assisted pyrolysis experimental system was connected. 
(d) The vacuum pump was turned on for about 10 min to 
create a vacuum atmosphere. (e) The microwave oven was 
turned on to start heating. When the microwave-assisted 
pyrolysis was over, the quartz reactor was reweighed. The 
difference between the quartz reactor before and after the 
experiment was biochar production. Each experiment was 
repeated three times to reduce the experimental errors.

2.4  Characterization
The surface topographies of biochar were observed by a 
scanning electron microscopy (SEM, VEGA3 LM, TES-
CAN, Czech). Adsorption–desorption isotherms of 
biochars were obtained by a volumetric gas adsorption 
instrument (Autosorb-iQ, Quantachrome Instruments, 
USA). The test was conducted in 77  K nitrogen atmos-
phere, and the sample was degassed at 250  °C for 12  h 
before the test. Based on the isothermal adsorption curve of 
adsorbed gas capacity with relative pressure, the Brunauer–
Emmett–Teller (BET) method was used to analyze the spe-
cific surface area. The Density Functional Theory (DFT) 
method was used to analyze the pore size distribution and 
micropore volume. The microscopic properties of isotherm 
and adsorbent-adsorbent system were established by DFT 
through molecular statistical thermodynamic equations.

Table 1 Proximate analysis and ultimate analysis of peanut shell

Item Value

Proximate analysis (wt. %)

 Moisture 5.40 ± 0.51

 Ash 4.81 ± 0.23

 Volatile 69.89 ± 1.06

 Fixed carbon 19.90 ± 1.80

Ultimate analysis (wt. %)

 C 44.86

 H 6.70

 O 46.44

 N 1.77

 S 0.23

Table 2 Factors and conditions

Factor Working condition

Pyrolysis temperature (oC) 700, 750, 800, 850, 900, 950

Residence time (h) 1.0, 1.5, 2.0, 2.5, 3.0

Microwave power (W) 400, 450, 500, 550, 600

Table 3 Other conditions in experiments

Parameter Working condition

Particle size of peanut shell  < 250 μm

Mass of peanut shell 15 g

Mass of absorbent (SiC) 12 g

Reactor volume 50 ml
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3  Results and discussion
3.1  Effect of pyrolysis temperature
In order to study the effect of pyrolysis temperature, six 
experiments (700, 750, 800, 850, 900, and 950  °C) were 
conducted at a fixed residence time and microwave 
power (2.0 h and 500 W, respectively).

3.1.1  Yield
Figure  3 shows the peanut shell based biochar yields 
obtained under different temperatures. The biochar 
yields were all gradually decreased from 31.11 wt. % to 
30.04 wt. % with the increase of the pyrolysis tempera-
ture. This may be largely caused by the fact  that more 
volatile compounds were released at higher pyrolysis 
temperatures and the secondary decomposition of bio-
char was also promoted (Chutia et  al. 2014; Ippolito 
et  al. 2021; Reza et  al. 2020; Ghodszad et  al. 2021; Liu 
et al. 2022b).

This study further used a parabola equation to describe 
the function correlation between yield Y and pyrolysis 
temperature T:

where:
Y is the biochar yield, wt. %
T is the pyrolysis temperature, oC.

3.1.2  Surface topography
Many studies have proven that biochar is a porous mate-
rial (Zhang et al. 2020c; Açma et al. 2001; Ahmad et al. 
2014). The structure and morphology of biochar pro-
duced by the microwave-assisted pyrolysis of peanut 
shell under different temperatures (700, 750, 800, 900, 
and 950 °C) are shown in Fig. 4. The extent of devolatili-
zation had significant influence on the characteristics of 

(1)
Y = 108.61− 0.15T + (7.13E − 5)T 2

2(R2
= 0.999)

Fig. 2 Schematic diagram of experimental microwave-assisted pyrolysis system: (1) vacuum pump, (2) water tank, (3) bracket, (4) condenser, (5) 
pipe, (6) temperature sensor, (7) K-type thermocouple, (8) microwave oven, (9) quartz reactor, (10) insulation cotton, (11) electric meter

Fig. 3 Biochar yields at different pyrolysis temperatures
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Fig. 4 SEMs of biochars at different pyrolysis temperatures. a 700 °C, b 750 °C, c 800 °C, d 900 °C, e 950 °C
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biochar. As it is well known, the higher the volatile sub-
stances released, the lower the density of biochar, and the 
higher the porosity. As a result, different pore structures 
were formed (Açma et al. 2001; Ahmad et al. 2014; Anto-
nangelo et al. 2019). As shown in Fig. 4 (a) and (b), when 
the pyrolysis temperature was 700  °C or 750  °C, most 
of the pores were unformed. As pyrolysis temperature 
increased, more volatile substances were released and at 
the same time more organic matters such as lignin and 
cellulose were broken down. Therefore, it can be seen in 
Fig. 4 (c), (d) and (e) that the pore sizes were decreased 
and the porosities and pore densities were increased as 
the temperature increased. In addition, the biochar was 
observed to have an unordered honeycomb structure. In 
particular, the crumpled structure of the biochar in Fig. 4 
(d)  can be caused by the broken-down of cellulose and 
lignin (Chen et al. 2011).

3.1.3  Pore size distribution
It can be seen from SEM images in Fig. 4 (c), (d), and (e) 
that biochar exhibited the preliminary porous structure, 
on which the effect of pyrolysis temperature was highly 
significant. Biochar obtained at 950 °C possessed a higher 
porosity than the biochar obtained at 800  °C (Fig.  4 (c) 
and (e)). Therefore, pore structure properties of the pro-
duced biochars were further illustrated by  N2 adsorp-
tion–desorption isotherms and the DFT method was 
used to analyze the pore size distribution in the range of 
1 ~ 8 nm and the results are shown in Fig. 5.

It could be seen that when the pyrolysis temperature 
was below 800  °C, there were almost no micropores 
(< 2 nm) in the biochar; When the temperature exceeded 
800 °C, the pore volumes of micropores increased gradu-
ally with the increase of temperature and the biochar 
produced at 950  °C contained more micropores, which 
reached 0.05  cc/(g·nm). This was because that some of 
the organic matter in peanut shell could be decomposed 
at relatively higher temperature thereby producing abun-
dant pores (Li et al. 2020; Qiao et al. 2021; Nguyen et al. 
2021).

3.1.4  Pore structure parameters
Figure  6 shows the micropore volumes of peanut shell 
based biochars obtained at different pyrolysis tempera-
tures. The micropore did  not appear until the pyrolysis 
temperature reached 800  °C, and with the temperature 
increased from 800 °C to 950 °C, the micropore volume 
increased continuously from 0.003  cc/g to 0.03  cc/g. 
At low temperatures, the pores were clogged with con-
densed organic matters (Jung et  al. 2015; Zhang et  al. 
2021; Wang et  al. 2020b). As the pyrolysis temperature 
increased, more volatiles were released, and the aliphatic 
alkyl and ester groups were continuously destroyed, 

forming voids in the biochar matrix (Liu et  al. 2018; 
Özçimen and Ersoy-Meriçboyu 2010), which increased 
the formed pores and thereby increasing micropore vol-
umes (Zhang et al. 2013; Bornemann et al. 2007).

In this study, a cubic equation was given to represent 
the function correlation between the micropore volume 
Vmicro and pyrolysis temperature T:

where:
Vmicro is the micropore volume, cc/g.

3.2  Effect of microwave power
In order to study the effect of microwave power, five 
experiments (400, 450, 500, 550, and 600 W) were con-
ducted at a fixed residence time and pyrolysis tempera-
ture (2.0 h and 800 °C, respectively).

3.2.1  Yield
Figure  7 shows the peanut shell based biochar yields 
obtained at different microwave powers (400, 450, 500, 
550, and 600 W). When the microwave power increased 
from 400 to 600 W, the biochar yields decreased from 
39.67 wt. % to 32.12 wt. %. This was because that high 
microwave power accelerated the heating rate. The higher 
heating rate resulted in the rapid thermal degradation of 
lignocellulosic structures in peanut shell to primary vola-
tiles, increasing the gaseous and liquid yield and limiting 
the possibility of formation of the biochar, which ulti-
mately reduced the biochar yield (Manoj Tripathi and 
Sahu 2016; Demiral et  al. 2012). The lower heating rate 
reduced the secondary reactions and cracking reactions, 
resulting in more biochar being produced (Demiral et al. 
2012). Additionally, there would be local hot spots and 
uniform heat distribution in the peanut shell when the 
microwave power was high, resulting in a decline in bio-
char yield (Ping et al. 2019; Tayibi et al. 2019).

This study further used a parabola equation to describe 
the function correlation between biochar yield Y and 
microwave power P:

where:
P is the microwave power, W.

3.2.2  Surface topography
Figure  8 shows the SEM images of peanut shell based 
biochars obtained at different microwave powers (400, 
450, 500, 550, and 600 W). As shown in Fig. 8 (a) and (b), 
when the microwave power was 400 W or 450 W, most 
of the pores were unformed. As the microwave power 

(2)Vmicro = −6981+ 25.05T − 0.03T
2
+ (1.2E − 5)T 3(R2 = 0.999)

(3)
Y = 98.74 − 0.22P + (1.80E − 4)P2(R2

= 0.985)
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increased, more volatile substances were released and 
more organic matters such as lignin and cellulose were 
broken down. Therefore, it can be seen in Fig. 8 (c), (d) 
and (e) that the pore sizes decreased and porosity and 
pore densities were increased with a bigger microwave 
power. Figure  8 (c) gives the surface topography of bio-
char prepared under 500 W. The surface was relatively 
rough and the pore size varied in the micrometer scale. 
There were many macropores and mesopores, which 

were interconnected and arranged irregularly. Figure  8 
(e) shows the SEM image of biochar prepared under 
600 W. It could be seen that compared with the biochar 
produced under 400–550 W, the number of pores with 
smaller aperture porosity was increased significantly.

3.2.3  Pore size distribution
It can be seen from SEM images in Fig. 8 (c), (d), and 
(e) that biochar exhibited the preliminary porous 

Fig. 5 Pore size distributions of biochars at different pyrolysis temperatures

Fig. 6 Micropore volumes of biochars at different pyrolysis temperatures



Page 9 of 17Qiu et al. Carbon Research            (2023) 2:45  

structure, on which the effect of microwave power was 
highly significant. Biochar obtained at 600 W possessed 
a higher porosity than the biochar obtained at 500 W 
(Fig. 8 (c) and (e)). Therefore, pore structure properties 
of the produced biochars were further illustrated by  N2 
adsorption–desorption isotherms. The DFT method 
was used to analyze the pore size distribution in the 
range of 1 ~ 8  nm and the results are shown in Fig.  9. 
It can be seen that when the microwave power was 400 
W, there were almost no micropores (< 2  nm) in the 
biochar; when the microwave power exceeded 400 W, 
the pore volumes of micropores increased gradually 
with the increase of power. It was interesting that when 
the microwave power increased from 450 to 500 W, the 
number of pores in the range of 1 ~ 2 nm increased and 
when the power continued to increase to 600 W, the 
number of 3 ~ 4 nm pores increased.

3.2.4  Pore structure parameters
Figure 10 shows the msicropore volumes of peanut shell 
based biochars produced at different microwave pow-
ers (400, 450, 500, 550, and 600 W). The micropore 
did  not appear until the microwave power reached 500 
W, and the micropore volume increased persistently 
from 0.003 cc/g to 0.008 cc/g when the microwave power 
grown in the range of 500 W to 600 W. The higher the 
microwave power, the larger the pore volume, which was 
caused by the fracture caused by the destruction of the 
biochar structure (Tripathi et  al. 2016). In fact, micro-
wave power affected the heating rate by changing the 

microwave density in the microwave cavity (Motasemi 
and Afzal 2013; Arpiaa et  al. 2021; Zhang et  al. 2022). 
Higher microwave density meant that peanut shell could 
obtain more microwave energy and thus reach higher 
temperatures. Therefore, more volatiles were released 
and a higher micropore volume was obtained.

This study further used a parabola equation to describe 
the function correlation between the micropore volume 
Vmicro and microwave power P:

3.3  Effect of residence time
In order to study the effect of residence time, five experi-
ments (1.0, 1.5, 2.0, 2.5, and 3.0  h) were conducted at a 
fixed pyrolysis temperature and microwave power (800 °C 
and 500 W, respectively).

3.3.1  Yield
Figure  11 shows the peanut shell based biochar yields 
produced at different residence times (1.0, 1.5, 2.0, 
2.5, and 3.0  h). When the residence time increased 
from 1.0  h to 3.0  h, the biochar yield decreased from  
43.28 wt. % to 33.62 wt. %, and this was largely due to 
that a longer residence time led to further breakdown of 
biochar, resulting in more release of volatile substances 
(Chen et al. 2003).

(4)
Vmicro = −38− 0.17P + (2E − 4)P2(R2

= 0.999)

Fig. 7 Biochar yields at different microwave powers
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Fig. 8 SEMs of biochars at different microwave powers. a 400 W, b 450 W, c 500 W, d 550 W, e 600 W
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This study further used a parabola equation to describe 
the function correlation between yield Y and residence 
time t:

where:
t is the residence time, h

(5)Y = 61.36− 22.80t + 4.54t
2(R2

= 0.991)

3.3.2  Surface topography
Figure  12 shows the SEM images of peanut shell based 
biochar prepared under different residence times (1.0, 
1.5, 2.0, 2.5, and 3.0 h). As shown in Fig. 12 (a) and (b), 
when the residence time was 1.0 h or 1.5 h, most of the 
pores were unformed. As the residence time increased, 
there were more volatile substances released and more 

Fig. 9 Pore size distributions of biochars at different microwave powers

Fig. 10 Micropore volumes of biochars at different microwave powers



Page 12 of 17Qiu et al. Carbon Research            (2023) 2:45 

organic matters such as lignin and cellulose broken 
down. Thererfore, it can be observed from Fig. 12 (c), (d) 
and (e) that pore sizes decreased and porosities and pore 
densities increased with a longer pyrolysis time.

Figure 12 (a) and (b) show the SEM images of biochar 
prepared at residence time of 1.0  h and 1.5  h, respec-
tively. It could be seen that there were a few pores on the 
surface of biochar, and most of them were not formed. 
When the residence time reached 2.5 h or 3.0 h, although 
the number of pores on the surface of biochar increased 
compared with that of biochar prepared at the residence 
time of 1.0 h or 1.5 h, the number of pores on the surface 
was less than that in Fig. 4(e) (950  °C, 2.0 h, 500 W) or 
Fig.  8 (e) (800  °C, 2.0  h, 600 W), especially the number 
of pores with small diameters. In fact, comparing Fig. 4 
(e), Fig. 8 (e) and Fig. 12 (e) with Fig. 12(c) (800 °C, 2.0 h, 
500 W), it could be found that pyrolysis temperature had 
the greatest impact on the pore structures of biochar, fol-
lowed by microwave power, and residence time had the 
smallest impact.

3.3.3  Pore size distribution
As shown in Fig. 12 (c) and (e), biochar obtained at 3.0 h 
possessed the higher porosity than the biochar obtained 
at 2.0  h. The  N2 adsorption–desorption isotherms were 
obtained to study the pore structure properties of the 
produced biochars. The DFT method was used to ana-
lyze the pore size distribution in the range of 1 ~ 8  nm 
and the results are shown in Fig. 13. It can be seen that 
when the residence time was 1.0 h, there were almost no 
micropores (< 2 nm) in the biochar; when the residence 
time exceeded 1.5  h, the pore volumes of micropores 

increased gradually with the increase of time (0.0005 cc/
(g·nm) vs 0.015 cc/(g·nm) for 1.0 h vs 3.0 h).

3.3.4  Pore structure parameters
Figure  14 shows the micropore volumes of peanut shell 
based biochars produced at different residence times (1.0, 
1.5, 2.0, 2.5, and 3.0  h). The micropore did  not appear 
until the residence time reached 2.0 h, and with the time 
extended from 2.0  h to 3.0  h, the micropore volume 
increased gradually from 0.003 cc/g to 0.005 cc/g. These 
results largely indicated that with the increase of resi-
dence time, the decomposition of biochar is more serious 
and more volatile substances are released. Therefore, the 
primary pore structure inside biochar will be improved 
due to the accelerated release of the volatiles (Lua et al. 
2004). At the same time, biochars produced featured 
a larger micropore volume (0 cc/g vs 0.005 cc/g for 1.0 h 
vs 3.0 h) with a longer pyrolysis time (Luo et al. 2015).

In this study, a linear equation was given to represent 
the function correlation between the micropore volume 
Vmicro and residence time t:

3.4  Main contribution
In this study, the obtained biochar yield (43.38–30.04 wt. 
%) was close to the results which were reported by the 
other researchers for biochars produced by the pyrolysis 
of peanut shells, i.e., 35.5–42.0 wt. % by Chu et al. (2017), 
30.72–41.46 wt. % by Yu et al. (2016), 30–38.3 wt. % by 
Liu et al. (2022b), 33.6–47.9 wt. % by Shan et al. (2020), 
30.00–50.00 wt. % by Rehrah et  al. (2014), etc. In this 

(6)Vmicro = −1+ 2t(R2
= 1.000)

Fig. 11 Biochar yields at different residence times
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Fig. 12 SEMs of biochars at different residence times. a 1.0 h, b 1.5 h, c 2.0 h, d 2.5 h, e 3.0 h
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study, the biochar yields decreased monotonously and 
stabilized around 30 wt. % when the pyrolysis tempera-
ture, microwave power, and residence time increased. It 
also can be found that the left boundaries of the biochar 
yield ranges in different references were around 30 wt. 
%. This indicates that when the experimental conditions 
exceed a certain limit, the biochar yields are determined 
by the kinds of biomass materials or the ratio of cellulose, 

hemicellulose and lignin (Antal MJ  Jr and Grønli 2003; 
McHenry 2009).

When the pyrolysis temperature was 950 °C, the micro-
wave power was 500 W, and the residence time was 
2.0 h, biochar with the highest specific surface area was 
obtained in this study and the specific surface area was 
67.29  m2/g. This specific surface area (67.29  m2/g) was 
higher than the specific surface area obtained by the 

Fig. 13 Pore size distributions of biochars at different residence times

Fig. 14 Micropore volumes of biochars at different residence times
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other scholars using conventional electric pyrolysis, i.e., 
4.62  m2/g by Liu et al. (2022b), 6.45  m2/g by Shan et al. 
(2020), 20.96  m2/g by Liu et al. (2018), 23.57  m2/g by Yu 
et  al. (2016). However, this specific surface area (67.29 
 m2/g) was much lower than the specific surface area (587 
 m2/g) reported by Chu et al. (2017) for microwave pyrol-
ysis of peanut shell at 600 °C, 2.0 h, 500 W. There are two 
reasons that could likely explain this phenomenon. The 
first one is  the pyrolysis temperature which has a great 
effect on the specific surface area. For example, Chu et al. 
(2017) regarded the temperature of produced gas as the 
pyrolysis temperature and we detected the temperature 
of peanut shell and biochar. Actually, when the tempera-
ture of produced gas reached 600 °C, the temperature of 
biochar has exceeded 1000 °C in this study. Another dif-
ference was between the pre- and post-treatment. Chu 
et al. (2017) washed the biochar repeatedly after pyroly-
sis by deionized water. In this way, ash or tar that may 
block or destroy the pore structure of biochar would be 
removed, and the specific surface area increased. Also, 
peanut shells from different sources influenced the 
results. The specific surface area of peanut shell used 
by Li et  al. (2020) reached 16.94  m2/g before pyrolysis, 
which was higher than 15.88  m2/g for the specific surface 
area of biochar obtained in this study at pyrolysis tem-
perature of 750 °C.

Biochar prepared from microwave-assisted pyrolysis 
has huge application prospects because of the large spe-
cific surface area and rich pore structure. Peanut shell 
based biochar can be used in carbon dioxide capture, 
hydrogen storage, and catalyst support. The relationship 
between pore structures and experimental conditions 
obtained in this study can guide the preparation of bio-
char with different pore size distributions. These bio-
chars can be used to adsorb gas particles with a specific 
diameter, such as carbon dioxide, hydrogen and so on. In 
addition, the biochar can also be used as a catalyst car-
rier to prepare catalysts by adsorbing some catalyst par-
ticles with specific sizes. The larger the pore volume and 
specific surface area, the larger the adsorption capacity of 
small molecules by biochar will be.

4  Conclusions
The yields, surface topographies, and pore structures 
(pore size distribution and micropore volume) of peanut 
shell based biochars produced at different pyrolysis tem-
peratures (700, 750, 800, 850, 900, and 950 °C), microwave 
powers (350, 400, 450, 500, and 550 W), and residence 
times (0.5, 1.0, 1.5, 2.0, and 3.0  h) were explored. Some 
conclusions were drawn from the research as shown 
below. Depending on the experimental operating param-
eters, the yields of biochar were in a range of 30.04–43.38 
wt. %. In addition, the yield gradually decreased and 

finally stabilized with the increases of the pyrolysis tem-
perature, microwave power, or residence time. While 
the specific surface area improved within the range of 
4.68–67.29  m2/g when there were increases in pyroly-
sis temperature, microwave power, or residence time. 
Micropores started to appear at 800 °C, 500 W, and 2.0 h. 
The maximum specific surface area was 67.29  m2/g at the 
reaction parameters of 950 °C, 500 W, and 2.0 h. Because 
of the large specific surface area, uniform pore structure, 
and large proportion of microwave volume, the peanut 
shell based biochar prepared in this study can be used to 
adsorb gaseous pollutants and organic pollutants in gas 
or liquid. However, there are still some limitations in this 
study: a) the maximum specific surface area of biochar 
was 67.29  m2/g, which was still smaller than that of acti-
vated carbon which is usually several hundred  m2/g; b) 
more types of characterizations such as XRD, FTIR, EDS 
can be added to further analyze the properties of peanut 
shell based biochar; c) In this manuscript, the micro-
wave-assisted pyrolysis of peanut shell and the influence 
of pyrolysis conditions on the properties of biochar were 
studied, but the adsorption application of biochar was 
not paid much attention. Therefore, the following can be 
done in the future: a) improve the specific surface area of 
biochar through pretreatment of raw materials or post-
treatment of biochar; b) use more types of characteriza-
tions to analyze properties of biochar; c) more in-depth 
"adsorption kinetics" or "adsorption experiments" can be 
done to evaluate the adsorption capacity of the biochar.
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