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Abstract:  

 

Biomass, especially waste biomass, as an alternative energy source is today's significant issue. 

Pyrolysis is a process of thermal degradation of raw material, and one of its products is biochar.       

This product is characterised by high carbon content, and improving its quality through activation 

allows for its wider use. Chemical activation improves the quality of carbon materials by applying 

high temperatures and an activator, e.g. KOH. This method allows obtaining sorption materials with 

a highly developed specific surface area of more than 1100 m2/g. Pyrolysis of waste biomass, which 

consisted of corn cobs and cherry stones, was performed. The results of the study of the adsorption 

capacity of organic pollutants from the aqueous phase by the activated biocarbon are presented. 

An aqueous solution of Rhodamine B was used as a model pollutant. The study discusses the effect 

of waste biomass type on organic pollutants' adsorption capacity. 
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Introduction  

Waste biomass includes solid or liquid biodegradable substances of animal or plant origin, which 

come from the food industry, agriculture, forestry production, and processing industry [1, 2]. 

It consists mainly of carbohydrate polymers such as cellulose, hemicellulose, and lignin [3]. 

The proportions of the individual components depend on the origin of the biomass and influence its 

properties, and the non-nutritive part can be used in further processing [4]. A distinction is made 

between hard and soft biomass [5]. Soft biomass, such as chestnut wood, linden wood or willow wood, 

contain less lignin than hard biomass (e.g. fruit stones or oak wood) [6-9]. 

Waste biomass, one of the most popular sources of renewable energy, is used in thermal 

conversion to valuable products. The thermal conversion of chemical energy from biomass can be 

accomplished by combustion (direct process) or gasification/pyrolysis, during which one form of fuel 

is transformed into another (indirect processes) [10].  
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Pyrolysis is the process of degradation of a complex molecule of a chemical compound occurring 

in an anaerobic atmosphere under a high temperature. Three products, namely, solid (char), liquid 

(oil) and gas fraction, are received in the process [11]. The main factors determining how the process 

is carried out are temperature and heating rate. Therefore, four types of pyrolysis can be distinguished: 

low-temperature (450-700⁰C) and high-temperature (900-1200⁰C), fast and slow [12].  

Raw char has a low commercial value, can be directly incinerated. Nevertheless, the product can 

also be subjected to activation processes to improve its quality and adsorption properties [13, 14]. 

The different structures and properties of chars are due to differences in the feedstock material [11, 

15]. The basic raw materials used to produce activated carbons include coal and lignite, wood, peat, 

fruit stones, and shells [1, 16-18]. Due to their sorption properties, activated biocarbon find 

applications in many fields such as water treatment, energy storage, catalysis and gas purification 

[19-21]. 

During activation, either chemical or physical, an oxidising agent is acted on the carbon material 

[9]. The first stage in both processes is usually carbonisation, while the second step involves the 

action of a gaseous oxidising agent (steam or carbon dioxide) on the chars at 800-1000⁰C [22]. 

This process is widely used on an industrial scale, but chemical activation is of greater interest on 

a laboratory scale. Chemical activation can be carried out in a one-step or two-step process. The first 

method involves impregnating the biomass with an activating agent (e.g. H3PO4, ZnCl2) and then 

subjecting the mixture to high temperature. At the same time, the second requires prior carbonisation 

of the biomass, followed by impregnation with an activator (KOH, NaOH, and K2CO3) and annealing 

of the mixture at high temperature [23-25]. The chemical activation of chars with alkaline substances 

produces alkali metals and carbonates, which improve the stability of the carbon matrix and expand 

the space between carbon-atom layers, thus increasing the efficiency and adsorption capacity of the 

resulting activated carbon [25]. Another factor affecting the properties of sorption materials is the 

ratio of activator to carbon precursor. Generally, increasing the activator ratio results in the 

development of a microporous structure at the expense of the mesoporous structure. In conclusion, 

chemical activation is a better method than physical activation, even though it requires more work 

due to eliminating activator residues. Nevertheless, it produces microporous materials with a higher 

specific surface area [26, 27]. 

Despite significant progress in the preparation and characterisation of carbon materials, a method 

to obtain products with high structural parameters from low-cost raw materials, such as waste biomass, 

is still being sought [8]. In this regard, this work presents a high-efficiency method to obtain active 

biochar from corn cobs and cherry stones by chemical activation with potassium hydroxide. 

The choice of raw materials was dictated primarily by Poland's largest producer of cherries in the 

European Union. These fruits are used in the processing industry in more than 70% [28]. Corn cobs, 

in turn, are an agricultural waste and an example of soft biomass with a high calorific value and low 

nitrogen and sulfur content [29, 30]. Therefore, the obtained biocarbon were chemically activated, 

their structure was characterised, and their ability to adsorb organic model pollutants from the 

aqueous phase was evaluated.  
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Materials and methods 

Two types of waste biomass were chosen as substrates for pyrolysis: cherry stones and corn cobs. 

The corn cobs were ground into the homogenous material in a size of 0.3-0.5 cm. Raw materials were 

pyrolysed in a muffle furnace type BEM in stainless steel reactor. The volatile fraction was generated 

during the pyrolysis process, transported in the pipe and collected in the steel tank after cooling with 

the water cooler. The process was carried out in both cases at 800⁰C in an oxygen-free atmosphere, 

without flow gas. 

Chemical activation 

 Before the activation process, the solid fraction from the pyrolysis- char was ground in a mortar 

to a particle size of about 1 mm, in both cases. The 5 g of the char was weighed and mixed with an 

equivalent amount of KOH (1:1) in the case of corn cobs, while twice the mass excess of activator 

(2:1) was used for cherry kernels. Then, 30 mL of distilled water was added and stirred for 2 h at 

50⁰C. The efficiency of influencing the ratio of activator on the high surface area of char was 

conducted previously for both samples [31]. The samples were dried overnight at 105⁰C. The raw 

materials in porcelain crucibles were placed in quartz tubes in a horizontal cylindrical furnace at 

900⁰C for 2 h under an atmosphere of nitrogen as an inert gas. After the activation process, Hielscher 

ultrasonic homogeniser was used for 3 minutes twice to remove residual KOH. The water excess (200 

mL) was added for dilution of activator and to the solid fraction sediment during 48 h. The liquid 

alkali solution was decanted and neutralised with the solution of hydrochloric acid. The suspension 

was filtrated under vacuum using a Büchner funnel (0.3 mm thick, 0.7 µm particle size retained). 

The solid residue was washed with water to neutralisation the filtrate. The activated carbons were 

dried overnight at 80⁰C and further analysed.  

Characteristics of activated biocarbon 

The obtained activated carbons were subjected to nitrogen adsorption analysis, according to the 

Brunauer, Emmett and Teller (BET) model of multilayer adsorption isotherms, to determine their 

specific surface area (SBET) and pore volume (VP). Samples were degassed 2 h prior to measurement. 

Before the measurement, the degassed samples were weighed and then analysed using a BET specific 

surface area analyser (Micrometrics Gemini V). The parameters are determined to allow the pore 

diameter (Dp) to be determined using the following formula [32]. 

 𝐷𝑃 =
4𝑉𝑃

𝑆𝐵𝐸𝑇
        (1) 

where: 

 VP – pore volume [m3/g]; 

 SBET – surface area [m2/g]; 

 DP – pore diameter [m].  

 Fourier transform infrared spectroscopic (FT-IR) analysis was performed to determine the effect 

of the chemical activation process on the formation of surface functional groups. First, the 0.55-1 mg 

of the obtained activated carbons were weighed, then potassium bromide was added, and a tablet was 
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made from the mixture using a hydraulic press. Finally, the obtained tablet was analysed, and the 

spectrum was recorded (Nicolet iS10). 

 The morphology of the samples was analysed using scanning electron microscopy (SEM) 

(Hitachi SU3500). 

Adsorption studies 

In order to study the adsorption capacity of organic pollutants from the aqueous phase, the model 

organic compound Rhodamine B was used. A stock solution of the Rhodamine B (1000 mg/L) was 

prepared in deionised water was diluted to a concentration of 10-100 mg/L to prepare a series of 

standard solutions for the calibration curve. In order to determine the rate of RhB adsorption, the 

experiments were conducted with different amounts of adsorbent at a constant initial concentration 

of Rhodamine B, temperature, pH and particle size. The activated carbon (AC) was added at different 

doses in the range from 2.5-150 mg into 10 mL RhB solution (30 mg/L [33]). The samples were 

mixed and left overnight. The samples were then filtered at the same time intervals, and the 

concentrations of dye solutions were analysed by UV-VIS spectrophotometer at 553 nm (UV-VIS 

Evolution 220, Thermo Scientific).  

Results and discussion 

Structure characteristics of activated carbons 

 During the experimental engineering study, the KOH : char mass ratio was optimised, based on 

which the most effective activation ratios for both biomass samples were selected [31]. In this work, 

the samples with the highest specific surface area(SSA) are presented. The analyses of the specific 

surfaces of the obtained activated biocarbon indicate the effectiveness of the chosen method of 

chemical activation with KOH. As a result of the activation process, two activated carbons ACcorncob 

and ACcherrystone were obtained. The carbon material ACcorncob had a specific surface area of 

1143.2 m2/g, while ACcherrystone had a specific surface area of 1116.2 m2/g. These values indicate 

a highly developed surface morphology of the obtained activated carbons. According to literature 

data, the char of corn cobs has a SSA of about 8 m2/g, and the char of cherry stones has a SSA of 

80 m2/g, which indicates the high efficiency of the chemical activation process carried out [34, 35].  

Tab. 1. Surface area (SBET), pore size (VP) and pore density (DP) of the activated carbons obtained from the corn cob 

and cherry stones 

 
KOH:AC (mass 

ratio) 
SBET [m2/g] VP [cm3/g] Dp [nm] 

ACcorncob 1:1 1143.2 0.57 1.99 

ACcherrystone 2:1 1116.2 0.56 2.01 

Source: [31] 

 The results presented in Table 1 confirm the highly developed specific surface area and porous 

structure (Tab. 1). The pore diameter belonging to the micropore range (2 nm) indicates high 

penetration of the carbon material by activator KOH and indicate the potentially high sorption 

capacity of the obtained carbon materials. The F.O. Erdogan, during the chemical activation of cherry 

seeds with KOH, obtained activated carbons with a specific surface area of 1380 m2/g [36]. 
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The difference in specific surface areas compared to the literature value may be due to the longer 

impregnation time of the biochar, as well as the use of the ultrasonic activation technique at 200-

300⁰C in the mentioned studies [36].   

 The morphology of activated carbon samples was analysed by scanning electron microscopy 

(SEM), and the results are shown in Fig. 1. The structure of the chars before activation was more 

irregular, jagged and uneven. Residues of the inorganic fraction are also observed (as white marks). 

In contrast, after the activation process, the structure became more uniform and ordered. Furthermore, 

it was observed that as the specific surface area increased, the number of individual particles 

decreased, and the structure became less jagged. The activation process results in the formation and 

enlargement of pores, but the original spatial skeleton is retained. In the case of corn cob biomass 

products, the characteristic structure of hexagons with holes is observed. Similar observations were 

made in the work of J. Kaźmierczak [37]. 

 Moreover, activation results in the reduction of inorganic residues after the pyrolysis of biomass. 

The micrographs obtained confirm that chemical activation by KOH favours the formation of a well-

developed microporous structure inside the raw material, which is responsible for the corresponding 

specific surface area. SEM images confirm significant between the chars obtained by pyrolysis of 

corn cobs and cherry stoned and the products obtained by their chemical activations. However, the 

materials differ significantly in the arrangement, number and size of pores. 

 
Fig. 1. Comparison of corn cob and cherry seed samples before and after chemical activation: SEM micrographs 

Source: [31] 

 Chemical activation of both corn cob and cherry stones char samples resulted in enrichment of 

the structures with oxygen groups such as hydroxyl, carbonyl and ester. In addition, in the case of the 

AC from the fruit studied, a vibration characteristic of the cyanide group was observed. Due to the 

presence of cyanoglycosides in the cherry stones, hydrogen cyanide can be released during the 

pyrolysis process. The concentration of this substance reaches 4.6 mg/kg of fruit [38]. 
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The characteristic vibrations occurring in the given wave numbers are shown in the table below 

(Tab. 2). 

Tab. 2. Description of the characteristic vibrations obtained for the activated carbons and char studied 

Wave number [cm-1] Description 

3500 – 3300 
O-H stretching vibrations, characteristic of hydroxyl 

groups in alcohols and phenols 

3300 – 2700 
O-H stretching vibrations, characteristic of a carboxyl 

group 

2400 – 2350 
C-N stretching vibrations, characteristic of the cyanide 

group 

1670 – 1630 
C=O stretching vibrations, characteristic of carbonyl 

and ester groups 

1150 – 1080 
C-O stretching vibrations, characteristic of 1st and 

2nd order alcohols and esters 

Source: [31] 

 In the case of cherry stone char, vibrations characteristic of hydroxyl and cyanide groups of slight 

intensity are observed (Fig. 2a). On the other hand, the chemical activation process caused significant 

material enrichment in oxygen groups, which is observed on the FT-IR spectrum (Fig. 2b). This is 

revealed by an increase in the intensity of the bands for C-O stretching vibrations characteristic of 

first and second-order alcohols and esters and the band corresponding to O-H stretching vibrations 

characteristic of hydroxyl groups.  

 
 

Fig. 2. FT-IR spectra of (a) cherry stone carbon black, (b) activated carbon from cherry stone biomass  

Source: [31] 

AC used as an adsorbent in wastewater treatment 

 The sorption properties of the carbon materials obtained were investigated using the samples 

with high specific surface area AC from cherry stone char (1116.2 m2/g) and corn cob char (1143.2 

m2/g). Various model organic compounds were used as model organic contaminants, such as 

methylene blue and bromothymol blue [39,40]. In this work Rhodamine B (RhB) was chosen. 

A solution for the standard curve was prepared from RhB standard solution (30 ppm). Various doses 

of sorption materials were used: 
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• activated carbon from corn cobs: 2.75; 5.23; 11.02; 15.23; 20.74; 30.28; 40.50; 51.17; 80.98; 

103.6 and 149.28 mg, 

• activated carbon from cherry stone: 2.81; 11.27; 15.68; 30.24; 39.98; 50.90; 79.70; 98.57 and 

149.88 mg. 

Particle size, temperature, contact time, initial concentration, and residual ion concentration were kept 

constant in all dye removal experiments. The mixtures were then filtered, and the liquid was subjected 

to UV-VIS analysis. The colours of the resulting solutions are compared in the tables below (Tab. 3). 

The first picture presents the colour of the solutions without adding activated carbon (reference 

experiment), whereas other pictures are of samples with different addition parts of AC. In all 

experiments of dye removal, temperature, contact time, and initial were kept constant. Activated 

carbons used in different quantitative proportions resulted in the discolouration of the RhB dye 

solution. As expected, the adsorption efficiency increased with increasing amounts of activated 

carbon used in the experiment until the solution was completely discoloured. The remaining colour 

of the solution measured by UV-VIS spectrometry is shown in Tab. 3 and Fig. 3. Rhodamine B, as 

a model wastewater pollutant, is adsorbed by small amounts of activated carbon. A different degree 

of solution discolouration is observed depending on the mass of the sorption material (Tab. 3).  

Tab. 3. Discolouration of RhB solution after application of activated carbon obtained by pyrolysis of corn cobs and 

cherry stones chemical activation with KOH. The photographs show the colouration of the solutions  

after using appropriate doses of activated biocarbon for the sorption of 30 mg/L RhB at 25°C 

Activated biocarbon from cherry stones (1:1) 

     

30 ppm 2.81 mg 11.27 mg 15.68 mg 30.24 mg 

     

39.98 mg 50.90 mg 79.70 mg 98.57 mg 149.88 mg 

Activated biocarbon from corn cobs (2:1) 

      
30 ppm 2.75 mg 5.23 mg 11.02 mg 15.23 mg 20.74 mg 

      
30.28 mg 40.50 mg 51.17 mg 80.98 mg 103.60 mg 149.28 mg 

Source: own elaboration 

As the weight of carbon increases, the concentration of Rhodamine B decreases. In the case of 

activated carbon from cherry stones char, complete decolourisation was observed after applying 
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79.70 mg of the product, whereas for corn cobs at 30.28 mg. Furthermore, the dye was wholly 

adsorbed for samples 1-6 and 1-3, and complete decolourisation of the solutions occurred. 

 
Fig. 3. Plots of the dependence of RhB concentration after adsorption and % dye removal on the RhB/AC ratio (m/m), 

(a) activated carbon from cherry stones, (b) activated carbon from corn cobs 

Source: [31] 

 

Tab. 4. The adsorption parameters 

No 

Before adsorption After adsorption 

Activated 

carbon [mg] 

Rhodamine B 

[mg] 

RhB/AC (mass 

ratio) 
q [mg/L] % dye removal 

W1 149.9 0.6 0.002 0.1 99.5 

W2 98.6 0.6 0.003 1.0 96.8 

W3 79.7 0.6 0.004 0.5 98.2 

W4 50.9 0.6 0.005 2.9 90.3 

W5 40.0 0.6 0.003 16.2 46.1 

W6 30.2 0.6 0.004 16.9 43.7 

W7 15.7 0.6 0.008 16.9 43.7 

W8 11.3 0.6 0.011 17.3 42.3 

W9 2.8 0.6 0.045 17.4 42.1 

K1 103.6 0.6 0.003 n.d. 100.0 

K2 149.3 0.6 0.002 n.d. 100.0 

K3 81.0 0.6 0.004 n.d. 100.0 

K4 51.2 0.6 0.006 n.d. 100.0 

K5 40.5 0.6 0.008 n.d. 100.0 

K6 30.3 0.6 0.010 n.d. 100.0 

K7 20.7 0.6 0.011 7.2 76.0 

K8 15.2 0.6 0.014 7.9 73.5 

K9 11.0 0.6 0.018 9.6 68.0 

K10 5.2 0.6 0.038 9.9 67.0 

K11 2.7 0.6 0.046 17.3 42.5 

Source: [31] 

 The obtained results of high surface area activated carbons confirm the potential possibility of 

being used as an adsorbent in wastewater treatment.  Furthermore, AC from maise cob biomass has 

a higher sorption capacity than activated carbon from cherry kernels. AC from corn cobs has a more 
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developed mesoporous structure than AC from cherry kernels. The medium-sized pores are 

responsible for the adsorption of larger molecules, such as the Rhodamine B molecule. The sorption 

capacity values obtained are lower than the literature data. In the work of N. Abdolrahimi, almond 

shell activated carbon with an area of 1252 m2/g and pore size of 4 nm was characterised by an 

adsorption capacity of 255 mg/g [41]. The differences in specific surface area of samples follow from 

various biomass types, pyrolysis conditions, and activation methods used in compared experiments, 

which influence larger AC pores obtained in the present work. 

Conclusion 

 A method for chemical activation of biocarbon, with using KOH, to improve the specific surface 

area and sorption properties of the material, was described. Waste biomass samples derived from 

agricultural (corn cobs) and food industry (cherry stones) were used for this study. Highly developed 

specific surface area (over 1100 m2/g) and porous structure (diameter over 2 nm) allows the use of 

the obtained sorbent materials as valuable products for wastewater treatment. Furthermore, activated 

carbon produced from maise cob had a higher sorption capacity than activated carbon from cherry 

kernels, as shown by water's sorption studies of the model pollutant Rhodamine B.  

 Activation of solid fraction from pyrolysis process may be cost-effective when considering 

a wide range of applications as adsorbents in methane and hydrogen storage processes, as phase 

change materials (PCMs), substrates for plant cultivation (fertiliser carrier) and electrode materials 

[42]. 
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