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Abstract. Biochar samples from crustacean processing waste were synthesized by carbonization followed by alkaline 
activation. The influence of synthesis parameters (time, temperature) on the porous structure of biochar was considered. 
The results showed that biomass carbonization conditions significantly affect the final porosity parameters. It was found 
that the biochar samples obtained by varying the synthesis parameters were micromesoporous. Temperature was shown to 
be the main influencing factor during biomass carbonization. At a three-hour carbonization duration and a temperature of 
650 °C, the specific surface area (2708 m2⋅g–1) and pore volume (total pore – 1.58 cm3⋅g–1, micropore – 0.64 cm3⋅g–1, 
mesopore – 0.94 cm3⋅g–1) in the obtained biochar reached their maximum values. Methane adsorption on the obtained 
biochar was studied at ambient temperature and pressure up to 100 bar. Biochar obtained from crustacean waste was 
shown to exhibit a high methane adsorption capacity of ~18 mmol⋅g–1. Experimental adsorption data were analyzed using 
the Langmuir, Freundlich, and Dubinin-Radushkevich models. The influence of synthesis parameters on the pore structure 
of biochars, as well as the adsorption data evaluated in the study, are useful for designing adsorption systems. 
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Аннотация. Образцы биоуглей из отходов переработки ракообразных синтезированы путем карбонизации  
с последующей щелочной активацией. Рассмотрено влияние параметров синтеза (время, температура) на 
пористую структуру биоугля. Результаты показали, что условия карбонизации биомассы существенно влияют на 
конечные параметры пористости. Установлено, что образцы биоугля, полученные путем варьирования параметров 
синтеза, микромезопористые. Показано, что температура является основным влияющим фактором при 
карбонизации биомассы. При трехчасовой продолжительности карбонизации и температуре 650 °C значения 
удельной поверхности (2708 м2/г)  и объемов пор (общий объем пор – 1,58 см3/г, объем микропор – 0,64 см3/г, 
объем мезопор – 0,94 см3/г) в полученном биоугле достигали максимального значения. Изучена адсорбция метана 
на полученном биоугле при температуре окружающей среды и давлении до 100 бар. Показано, что биоуголь из 
отходов переработки ракообразных демонстрирует высокую адсорбционную способность по метану, равную  
18 ммоль/г. Экспериментальные данные адсорбции проанализированы с использованием моделей Ленгмюра, 
Фрейндлиха и Дубинина-Радушкевича. Влияние параметров синтеза на пористую структуру биоуглей, а также 
данные адсорбции, оцененные в исследовании, полезны для проектирования адсорбционных систем. 
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1. Introduction 

 

The performance of biochar in various 
applications is mainly determined by its properties  
[1, 2]. The surface area and porosity of biochar are 
among the most important parameters that determine 
the quantity/quality of available active sites in 
biochar and, consequently, improve its properties 
such as cation exchange, water retention, and 
adsorption capacities [3]. Biochar consists of a wide 
range of pores, ranging from nanometers to tens of 
micrometers [4]. The pores can be divided into three 
groups according to the International Union of Pure 
and Applied Chemistry (IUPAC) standard: 
micropores (< 2 nm), mesopores (2–50 nm), and 
macropores (> 50 nm). In this work, the IUPAC pore 
standard is used to characterize the pore size 
distribution. The internal structure of biochar can be 
estimated from the pore distribution, which is based 
on the assumption that the complex porous structure in 
a real solid can be represented by a model with 
equivalent interactions and regularly shaped pores [5].  

Pore size distribution is an important parameter 
in characterizing the heterogeneity of the biochar 
porous structure. The surface area is closely related to 
its porosity. The question of how to obtain biochar 
with a highly porous structure and large surface area 
is an active research topic [6]. 

Over the past ten years, many reviews devoted to 
biochar have been published. The topics of these 
reviews mainly focus on the applications of biochar 
in various fields [7], the relationship between process 
parameters and biochar characteristics [8], as well as 
additional modifications for the production of 
modified biochar [9], and so on. Recent studies have 
reported the use of shrimp shells to obtain biochars 
for use as a catalytic support [10], an alternative 
cathode in fuel cells, supercapacitors [11, 12], an 
adsorbent of heavy metal ions [13], dyes, and 
antibiotics [14]. It has also been reported that 
carbonization parameters have a significant effect on 
the porosity of the final product [15]. However, 
biochar obtained by carbonization without subsequent 
activation has a low specific surface area and porosity 
[16]. Furthermore, it is important to note that among 
all activating agents, alkaline activation with KOH is 
the most effective in producing carbon materials with 
extremely high specific surface area and pore 
volume, particularly micropores [17]. 

At the beginning of the last decade, research on 
biochar mainly focused on its characteristics in 
various application areas [18–21]. In the past few 
years, research has shifted towards studying surface 
area and porosity [2, 22, 23]. Thus, the efforts of 
many scientists are aimed at identifying general 
patterns in the formation of biochar porosity 
parameters. Various methods and synthesis 
parameters are used in the production of biochar.  
It is obvious that the porous structure of biochar 
changes depending on these parameters. However, 
the effect of synthesis parameters on the volume and 
pore size distribution of biochar remains unclear.  

In this study, we synthesized biochars from 
crustacean waste, investigated the influence of 
synthesis parameters on the development of the 
porous structure of the resulting materials, and 
assessed the methane adsorption properties of the 
biochar with the highest porosity values. As far as we 
know, the conversion of shrimp waste into highly 
porous carbon using carbonization followed by KOH 
activation for methane adsorption has not been 
previously studied. Therefore, the results of this study 
offer a promising solution for converting biowaste 
into a high-tech product for environmental 
applications. 

 
2. Materials and methods 

 

2.1. Method for producing activated biochar 
 

Shrimp shells were used as the biomass in this 
study. After removing the meat, the crustacean shells 
were washed repeatedly with deionized water.  
The resulting waste was then dried at 110 °C to  
a constant weight. The crustacean processing waste in 
the form of a powder with a particle size of < 0.5 mm 
was loaded into the pilot reactor. The biomass was 
heated in an argon flow to a predetermined 
temperature (550–750 °C) and held for various 
periods of time (2–4 h), and then cooled to room 
temperature under an argon atmosphere. Next, the 
resulting carbonizate in the form of a powder with a 
particle size of < 0.5 mm and granules of 85 % 
potassium hydroxide with a mass ratio of potassium 
hydroxide (calculated as 100 % KOH): carbonizate 
(w/w:2:1) were loaded into the pilot reactor.  
The reaction mixture was heated to 700°C under an 
argon flow and held for 2 hours, then cooled to room 
temperature. After the reactor cooled to room 
temperature, the reaction mixture was poured with 
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water, the precipitate was washed to remove alkali 
until neutral pH, then kept in a hydrochloric acid 
solution for 24 hours to dissolve metal impurities, 
after which it was washed again with water and dried 
at 110 °C to constant weight. 

 
2.2. Analytic methods 

 

To determine the specific surface area, total 
volume porosity, and micro- and mesoporosity of 
each sample obtained during the synthesis, an 
Autosorb-iQ automated adsorption system 
(Quantachrome, USA) was used. Samples (weighing 
1–2 g) prepared for adsorption analysis were 
degassed at 350 °C for 5 hours under vacuum to 
remove air, free water, and other impurities before 
pore structure analysis. At 77 K, N2 adsorption 
isotherms were obtained for relative pressures (P/P0) 
(gas pressure/vapor pressure) ranging from 0.01 to 
0.995. The specific surface area (SBET) was 
calculated using the Brunauer-Emmett-Teller (BET) 
equation. The pore size distribution and micropore 
and mesopore volume were calculated using the 
Density Functional Theory (DFT) method under the 
assumption of slit-shaped/cylindrical pores (QSDFT 
model). 

CH4 adsorption isotherms on the sample at 
pressures up to 100 bar (at a temperature of  
298.15 K) were recorded using an iSorbHP gas 
adsorption analyzer (Anton Paar GmbH, Graz, 
Austria). High-purity CH4 (99.999 % purity; normal 
boiling point b.pT = 111.66 K; critical temperature 

crT = 190.77 K; critical pressure crP = 4.626 MPa) 
was used for the measurement. Before the adsorption 
experiment, the sample was degassed at 350 °C for 5 h. 

 
2.3. Theoretical justification of approaches  

to determining the specific surface area 
 

Measuring the surface area and porosity of 
biochar (primarily micro- and mesopores) is typically 
accomplished using gas adsorption, which involves 
priming the sample with a given gas atmosphere, 
recording the adsorption isotherm, and analyzing it 
accordingly. The most commonly used gas is N2  
(77 K) due to its high availability and low cost. 

Both the European Biochar Certificate (EBC) 
[24] and the International Biochar Initiative (IBI) 
[25], the most influential biochar organizations 
worldwide, recommend the BET method for 
analyzing nitrogen adsorption isotherms to determine 
surface area [26]. However, the BET method also has 
some problems. For example, the basic theory of the 
BET equation is based on a monolayer coating of gas 

molecules, whereas the primary adsorption 
mechanism in micropores is pore filling, which 
inevitably leads to errors in calculating the surface 
area of biochar. The BET equation is not applicable 
even for mesopores with widths from 2 to 4 nm due 
to an overestimation of the monolayer capacity. In the 
pressure range used in the calculation, not only the 
formation of monolayer-multilayer structures but also 
pore filling occurs [27]. Therefore, the BET surface 
area should be considered as an apparent rather than 
an absolute surface area, especially for porous 
materials with a large number of micropores. Despite 
this, it is still useful for evaluating sorbents for 
comparative purposes, and the BET surface area is 
considered a “fingerprint” of the sorbent [28]. 

For assessing the size distribution, it is advisable 
to use density functional theory (DFT). This method 
allows for a more accurate analysis of pore sizes, 
covering the entire range of mesopores and 
micropores, unlike other methods, such as the 
Barrett-Joyner-Halenda (BJH) [29, 30]. In recent 
years, particular attention has been paid to the DFT 
method for analyzing pore size distribution.  
The methane adsorption isotherm was analyzed using 
the Langmuir, Freundlich, and Dubinin–Radushkevich 
models [31–33]. An important characteristic of the 
Langmuir isotherm model is the presence of 
homogeneous active binding sites on the adsorbent 
surface, which have identical sorption energies [31]. 
In contrast, the Freundlich isotherm model assumes  
a heterogeneous adsorbent surface, namely, different 
sorption energies. In this case, active binding of 
adsorbate molecules occurs in areas with higher 
energy values [33]. The Dubinin–Radushkevich 
isotherm model is widely used to identify the nature 
of adsorbate adsorption on an adsorbent and to study 
the free energy and porosity characteristics of 
adsorbents [32]. 

 
3. Results and Discussion 

 

Traditional technologies for producing highly 
porous biochars involve carbonization and activation 
stages, which form a porous structure. Control of the 
pore structure is possible by varying both the 
carbonization process conditions (duration, 
temperature) and the activation process (duration, 
temperature, and activating agent consumption). 

 
3.1. Effect of carbonization duration  
on the porous structure of biochars 

 

Process time is a factor that must be considered 
when conducting the carbonization process. Nitrogen 
adsorption-desorption isotherms and pore size 
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distribution curves for biochar samples, obtained at a 
fixed temperature (t = 550 °C) and variable 
carbonization time followed by alkaline activation 
(τ = 2 h; t = 700 °C; w/w: 2/1), are shown in Figs. 1 
and 2. 

All samples are characterized by similar 
reversible adsorption isotherms corresponding to 
combinations of types I and II according to the 
IUPAC classification (Fig. 1), which is inherent in 
materials with a wide range of pore size distributions. 

The hysteresis loops are somewhat similar to 
adsorption branches corresponding to type H4.  
This type of loop is often found in micromesoporous 
carbon materials. In addition to the IUPAC 
classification, one can refer to the work [34], in 
which the author identified and correlated five types 
of hysteresis loops with different pore shapes. Thus, 
the loop type in the obtained biochar samples (Fig. 1) 
corresponds to type B, indicating a large number of 
cylindrical and slit-shaped pores with all sides open. 

 

 
 

Fig. 1. Nitrogen adsorption-desorption for biochar samples obtained at different carbonization times 
 

 
 

Fig. 2. Pore size distribution for biochar samples obtained at different carbonization times 
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The pore size distribution curves for the samples 
(Fig. 2) also exhibit a similar pattern. The results 
indicate that all of the samples studied exhibit  
a multimodal pore size distribution. For all samples, 
the predominant mesopore size ranges from 2 to  
6 nm, with a main peak at approximately 3.2 nm.  
The microporous structure of all of the samples 
studied appears to be trimodal, with a main peak at 
0.92 nm. Thus, the similar appearance of the nitrogen 
adsorption-desorption isotherm and pore size 
distributions for the obtained samples indicates that 
carbonization duration does not significantly 
influence the porosity type. 

In this study, we used the BET and DFT 
methods to calculate the specific surface area, pore 
volume, and pore size. The data obtained indicate that 
sufficient carbonization time results in the complete 
release of volatiles, which promotes the development 
of a porous structure. However, excessively long 
exposure to high temperatures can destroy the pore 
structure. For example, the biochar surface area 
increased from 2016 to 2488 m2⋅g–1 (BET) and from 
1731 to 2120 m2⋅g–1 (DFT) with an increase in 
residence time from 2 to 3 hours, and then decreased 
to 2121 m2⋅g–1 (BET) and 1852 m2⋅g–1 (DFT) with an 
increase in residence time for 4 hours. 

Carbonation time also affected the total pore 
volume (Vp), as well as the micropore (Vmic) and 
mesopore (Vmes) volumes of the biochar samples. 
With increasing carbonation time to 3 h, micro- and 
mesopore volumes tended to increase, while with  
a further increase in carbonization duration (τ = 4), 

they decreased. At a carbonization time of 3 h,  
the pore volumes in the resulting biochar reached 
their maximum values (Vp = 1.37 cm3⋅g–1,  
Vmic = 0.53 cm3⋅g–1, Vmes = 0.84 cm3⋅g–1). 

Thus, the experimental studies demonstrated that 
carbonization for 3 h promotes the formation of 
biochars with the best porosity parameters. 

 
3.2. Effect of carbonization temperature  

on the porous structure of biochars 
 

Carbonization temperature is considered the 
main parameter influencing the surface area and 
porosity of biochar. Figures 3 and 4 illustrate this. 
The nitrogen adsorption-desorption isotherms and 
pore size distribution curves of biochar samples 
obtained at different carbonization process 
temperatures and holding times of 3 h followed  
by alkaline activation (τ = 2 h; t = 700 °C; w/w:2/1) 
are shown. 

All samples exhibit a combination of type I and 
II isotherms with an H4; B hysteresis loop, which are 
typical of micromesoporous materials. The maximum 
amount of nitrogen is adsorbed on the sample 
obtained at a carbonization temperature of 650 °C. 
According to the data presented in Fig. 4, micro- and 
mesopores with diameters less than 6 nm 
predominate in all samples. The pore structure of all 
the studied samples, except for the one obtained at 
750 °C, is pentamodal, with the main peak at about 
0.9 nm. The intensity of the peaks in the range from  
0 to 2 nm (insert in Fig. 4) tends to increase.  

 

 
 

Fig. 3. Nitrogen adsorption-desorption isotherms for biochar samples obtained at different carbonization temperatures 
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Fig. 4. Pore size distribution for biochar samples obtained at different carbonization temperatures 
 

Table 1. Influence of carbonization temperature  
on the porosity parameters of biochar samples 

 

Sample 550 °C 650 °C 750 °C 

SBET, m2⋅g–1 2488 2708 1924 

SDFT, m2⋅g–1 2102 2384 2158 

VDFT, cm3⋅g–1 1.37 1.58 1.23 

Vmic, cm3⋅g–1 0.53 0.64 0.64 

Vmes, cm3⋅g–1 0.84 0.94 0.59 

V01, cm3⋅g–1 0.41 0.46 0.36 

V02, cm3⋅g–1 0.09 0.17 0.27 

V03, cm3⋅g–1 0.03 0.27 0.11 

V04, cm3⋅g–1 0.51 0.23 – 

V05, cm3⋅g–1 0.33 0.42 0.49 

D01, nm 0.92 0.89 0.85 

D02, nm 1.24 1.19 1.09 

D03, nm 1.91 2.52 2.27 

D04, nm 3.20 3.09 – 

D05, nm 3.93 3.93 4.82 

SBET is the specific surface area for nitrogen 
calculated by the Brunauer–Emmett–Teller method; SDFT 
is the specific surface area for nitrogen calculated using 
the density functional theory; Vmic is the specific volume 
of micropores; Vmes is the specific volume of mesopores; 
V01–V05 is the specific volume of pores of the mode; 
D01–D05 is the average diameter (width) of the pores of 
each mode. 

A higher peak intensity value corresponds to  
a better adsorption capacity of biochar. In other 
words, on the micropore scale, the sample obtained at  
a carbonization temperature of 650 °C has the highest 
adsorption capacity, while the sample obtained at  
750 °C has the lowest. These results are in good 
agreement with the results presented in Table 1. 

The sample obtained at 650 °C had the highest 
specific surface area and pore volumes (SBET=  
=2708 m2⋅g–1, Vp = 1.58 cm3⋅g–1, SDFT = 2384 cm3⋅g–1, 
Vmic = 0.64 cm3⋅g–1, Vmes= 0.94 cm3⋅g–1). 

 
3.3. Adsorption characteristics of biochar 

 
The adsorption isotherm of excess methane 

content versus pressure, recorded at ambient 
temperature (298.15 K), for the biochar sample 
obtained by carbonization at 650 °C and a holding 
time of 3 h followed by alkaline activation (τ = 2 h; 
t = 700 °C; w/w:2/1) is shown in Fig. 5.  
The presented results show that methane adsorption 
increases sharply in the initial region (up to 
approximately 30 bar), then slows down and 
gradually increases with increasing pressure, showing 
no tendency to saturate even at 100 bar. The change 
in the adsorption capacity of the biochar sample as  
a function of pressure is also shown, approximated by 
the Langmuir, Freundlich, and Dubinin–Radushkevich 
models. Results from these models were processed 
using the equations presented in [31–33]. 
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Fig. 5. Adsorption isotherm of CH4 on a biochar sample obtained at 650 °C  
adapted to the Langmuir, Freundlich and Dubinin-Radushkevich models 

 
Comparing the data obtained using the models, it 

can be concluded that they correlate well with the 
Langmuir (R2 = 0.9939) and Dubinin–Radushkevich 
(R2 = 0.9975) equations and best describe the process 
of methane adsorption on the biochar sample in the 
pressure range considered in this study. However, 
evaluating the reliability of the models used by the 
normalized standard deviation (Δa), defined as [35], 
it can be concluded that the Dubinin–Radushkevich 
equation (Δa = less than 5 %) describes the studied 
adsorption process on biochar more accurately than 
the Langmuir equation (Δa = less than 10 %).  

The results of processing the experimental data using 
the Langmuir, Freundlich, and Dubinin–Radushkevich 
models are presented in Table 2. 

The deviation of the limiting methane sorption 
capacity for the Langmuir (aL), and Dubinin–
Radushkevich (aD–R) models from the experimentally 
obtained value (aekp) did not exceed ~2 and ~5 %, 
respectively. The limiting values of micropore 
adsorption capacity (a0), calculated using the 
Dubinin-Radushkevich equation, deviate from aekp by 
no more than 2%. 

 
Table 2. Adsorption isotherm coefficients for the Langmuir, Freundlich and Dubinin–Radushkevich models 

 

aekp, mmol⋅g–1 Langmuir model constants 

17.9 

aL, mmol⋅g–1 A, mmol⋅g–1 b R2 Δa, % 

17.5 20.7 0.0539 0.9939 9.93 

Freundlich model constants 

aF, mmol⋅g–1 k 1/n R2 Δa, % 

24.6 0.9915 0.6974 0.9654 31.02 

Constants of the Dubinin-Radushkevich model  

aD–R a0 E R2 Δa, % 

17.0 18.2 22.91 0.9975 4.61 

SBET – aL, aF, aD–R are theoretical values of equilibrium gas adsorption according to the Langmuir, Freundlich and 
Dubinin–Radushkevich models, respectively, mmol⋅g–1; A and a0  are the limiting values of gas adsorption according to 
the Langmuir and Dubinin–Radushkevich models, respectively, mmol⋅g–1; b and k are the equilibrium constants according 
to the Langmuir–Freundlich models, respectively; n is an empirical parameter that characterizes the interaction energy in 
the adsorbent-adsorbate system; E is the characteristic adsorption energy of the gas under study, kJ⋅mol–1. 
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The Dubinin–Radushkevich equation was used 
to establish the nature of the methane adsorption 
process on biochar. Based on the obtained values of 
the characteristic adsorption energy (E = ~23 kJ⋅mol–1), 
it is clear that the mechanism is physical in  
nature [36]. 

 
4. Conclusion 

 

Biochar samples were obtained from crustacean 
processing waste. The influence of carbonization 
parameters on the development of the porous 
structure of the biochars was studied. Carbonization 
temperature can modulate the pore structure of 
biochars. A three-hour biomass carbonization process 
at 650°C proved to be most favorable for the 
development of high specific surface area and pore 
volumes (SBET= 2708 m2⋅g–1, Vp = 1.58 cm3⋅g–1, 
Vmic = 0.64 cm3⋅g–1, Vmes= 0.94 cm3⋅g–1). This sample 
is a micromesoporous material exhibiting high 
methane adsorption capacity, amounting to  
18 mmol⋅g–1 at room temperature and 100 bar. 

Thus, this study demonstrates that crustacean 
waste carbon material is a highly porous and 
promising biosorbent for methane adsorption. 
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